Computational Methods for Structural Mechanics and Dynamics by Housner, Jerrold M. et al.
NASA Conference Publication 3034 
Part 2 
Computational 
Methods for 
Structural 
Mechanics and 
Dynamics 
Edited by 
W. Jefferson Stroud 
Jerrold M. Housner 
John A. Tanner 
and Robert J. Hayduk 
NASA Langley Research Center 
Hampton, Virginia 
Proceedings of a workshop sponsored by 
the National Aeronautics and Space 
Administration and held at 
NASA Langley Research Center 
Hampton, Virginia 
June 19-21, 1985 
National Aeronautics and 
Space Administration 
Off ice of Management 
Scientific and Technical 
Information Division 
1989 
https://ntrs.nasa.gov/search.jsp?R=19890015283 2020-03-20T02:58:42+00:00Z
PREFACE 
This document contains the proceedings of the Workshop on Computational 
Methods for Structural Mechanics and Dynamics held at NASA Langley Research 
Center, June 19-21, 1985. The workshop was sponsored by NASA Langley 
Research Center. 
The workshop had two objectives. 
structural analysis technical community a new Langley research activity in 
structural analysis called Computational Structural Mechanics, or CSM. The 
second objective was to hear experts discuss important structural analysis 
problems and methods for solving those problems. 
The first objective was to introduce to the 
The workshop was organized into the following four sessions: 
1. Local/Global Nonlinear Stress Analysis - Full day - June 19 
2. Tire Modeling Half day - June 20 
3 .  Transient Dynamics Half day - June 20 
4 .  Multi-Body Dynamics Full day - June 21 
Each sess 
Papers in 
The order 
proceedin 
on closed with a panel discussion. 
these proceedings are grouped by session and identified in the contents. 
of the papers is the order of the presentations at the workshop. 
s also include any transcription of questions and answers that followed 
The 
each paper and panel discussions that followed each session. 
The use of trade names or names of manufacturers in this publication does not 
constitute an official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration. 
W. Jefferson Stroud 
Jerrold M. Housner 
John A .  Tanner 
Robert J. Hayduk 
Workshop Co-Chairmen 
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SulmARY 
THURSDAY, JUNE 20 - TRANSIENT DYNAMICS 
Robert J . Hayduk, NASA Langley Research Center: 
for you t h i s  afternoon on transient dynamics. 
tuni t ies  for increasing the efficiency a n d  accuracy of computer codes. 
papers will  discuss implementation and  experience i n  time-stepping a1 gorithms, 
and  two papers wil l  give some resul ts  on applications o f  various codes on the 
scaler  and vector machines t h a t  are available today.  
We have an interesting session 
One paper will  project oppor- 
Two 
Everyone has his pet problem i n  nonlinear structural dynamics. 
t i o n .  
in te res t  t o  the CSM g r o u p  here a t  Langley a n d  t o  me. 
pho tograph  o f  the December 1, 1984 Control led Impact Demonstration (CID) crash 
t e s t  of a Boeing 720 a i r c r a f t .  We had planned f o r  t h e  impact t o  be symmetric, 
b u t  t h a t  i s n ' t  w h a t  happened. The a i r c ra f t  touched down w i t h  the l e f t  wing  
rolled a t  approximately 11 degrees w i t h  the a i r c ra f t  nearly level b u t  yawed 
a b o u t  11 t o  12 degrees. 
fuselage t o  impact on the nose f i r s t .  
sl ightly pitched u p  t o  achieve a n  i n i t i a l  impact on the a f t  end of the fuselage. 
I ' m  no excep- 
This i s  a four-sequence 
I n  order t o  begin th i s  session, l e t  me show you a problem t h a t  i s  of 
This caused the a i r c ra f t  t o  pitch nose down, and the 
We had planned f o r  the a i r c r a f t  t o  be 
After a b o u t  1.8 seconds, the a i r c r a f t  s l i d  i n t o  some wing cut ters ,  which opened 
U P  the number three engine--the inboard engine of  the r i g h t  side of the 
a i rc raf t .  The disintegrating engine caused a huge f i r e  t o  erupt as you can see 
f r m  th i s  l a s t  photograph .  
a i r c ra f t  was yawed approximately 38 degrees. 
do--in fac t ,  w h a t  we had planned i n i t i a l l y  t o  do--was t o  analyze this  impact for 
the i n i t i a l  p o r t i o n  of the crash scenario--the portion prior t o  impact w i t h  the 
w i n g  cut ter .  W i t h  the asymetric impact t h a t  actually occurred i n  the t e s t ,  we 
have t o  use a full  f i n i t e  element model t h a t  can handle the asymmetric case. 
Eventually we would l ike t o  analyze the longer d u r a t i o n  impact w i t h  the wing 
cut ters  and the sl ide o u t  beyond, w h i c h  i s  a b o u t  another 2.5 seconds. The 
i n i t i a l  a t t e m p t  a t  analysis i . r i t h  the symmetric h a l f  model, which i s  a very 
simp1 e beam str inger  a n d  membrane model w i t h  nonlinear springs of a b o u t  220-some 
elements, and 230 equations, simulating approximately 0.4 second w i t h  a full  
Cyber 175, cost us a b o u t  1.4 hours of computer time w i t h  the DYCAST computer 
program. 
10-to-1 increase i n  computer speed w i t h  a full  model approximately 1100 masses, 
A t  the time o f  contact w i t h  the wing openers, the 
Now w h a t  we'd l ike  t o  be able t o  
I f  th i s  problem i s  scaled u p  t o  a machine t h a t  would give us perhaps a 
341 
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4000 elements, a n d  11,000 equations-to simulate approximately 1 second of  real 
time, using a machine w i t h  a very large memory capability, then we're projecting 
a b o u t  18 hours of  computer time t o  solve th i s  problem. And t h a t  i s  w i t h o u t  
t a k i n g  advantage of  the technology improvements in computational methods. After 
corrobrating the computer program w i t h  the C I D  experimental d a t a ,  we p l a n  t o  do 
parametric studies of other crash scenarios t o  eliminate the need f o r  full-scale 
crash testing of other transport a i r c r a f t .  
actually occur only a b o u t  once every 20 years. 
of $10 mil 1 i o n  t o  accompl ish. 
capabi l i t ies  t h r o u g h  the CSM act ivi ty  and  your act ivi ty  t o  reduce th i s  cost and 
make the parametric studies feasibl'e. 
These t e s t s  are very expensive and 
The C I D  t e s t  cost on the order 
We're 1 ooki ng f o r  improvements i n  analytical 
U 
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IMPROVING TRANSIENT ANALYSIS T E C H N O L O G Y  
F O R  A I R C R A F T  STRUCTURES 
R .  J .  M e l o s h  
Duke  U n i v e r s i t y ,  D u r h a m ,  N C  
M l a d e n  C h a r g i n  
NASA A m e s  R e s e a r c h  C e n t e r ,  M o f € e t t  F i e l d ,  C A  
1. INTRODUCTION 
A i r c r a f t  d y n a m i c  a n a l y s e s  a r e  d e m a n d i n g  o f  c o m p u t e r  
s i m u l a t i o n  c a p a b i l i t i e s .  The m o d e l i n g  c o m p l e x i t i e s  o f  s e m i -  
m o n o c o q u e  c o n s t r u c t i o n ,  i r r e g u l a r  g e o m e t r y ,  h i g h - p e r f o r m a n c e  
m a t e r i a l s ,  a n d  h i g h - a c c u r a c y  a n a l y s i s  a r e  p r e s e n t .  A t  i s s u e  
a r e  t h e  s a f e t y  o f  p a s s e n g e r s  a n d  t h e  i n t e g r i t y  o f  t h e  
s t r u c t u r e  f o r  a w i d e  v a r i e t y  o f  f l i g h t - o p e r a t i n g  a n d  
e m e r g e n c y  c o n d i t i o n s .  
F i g u r e  1 i s  a s k e t c h  o f  a t y p i c a l  s t r u c t u r e .  I t  
d i p i c t s  o n e  o f  NASA A m e s  d e s i g n s  o f  a n  o b l i q u e  w i n g .  T h e  
w i n g  c h o r d  v a r i e s  f r o m  1 8 . 3 6  i n c h e s  a t  t h e  r o o t  t o  37.8 
i n c h e s  a t  i t s  254.4 i n c h  s p a n .  T h e  s k i n s  a r e  f o r m e d  o f  a 
0°/*45"/900 76%/14%/10% g r a p h i t e / e p o x y  c o m p o s i t e .  T h e  
s k i n  v a r i e s  i n  t h i c k n e s s  f r o m  .625 i n c h  a t  t h e  r o o t  t o  
.184 i n c h  a t  t h e  t i p .  T h e  s k i n s  a r e  s u p p o r t e d  by 5 
v e r t i c a l l y  s t i f f e n e d  s p a r s  a n d  14 s t i f f e n e d  r i b s .  A l l  t h e  
s u p p o r t  s t r u c t u r e  i s  d e s i g n e d  i n  a l u m i n u m .  T h e  w i n g  m u s t  
b e  p r o o f e d  a g a i n s t  l a n d i n g ,  l i f t  a n d  d r a g ,  g u s t ,  b u f f e t ,  
v i b r a t i o n ,  a n d  o s c i l l a t i n g  a e r o d y n a m i c  l o a d i n g .  
T h e  f i g u r e s  a n d  t e x t  t h a t  f o l l o w  examine t h e  t e c h n o l o g y  
w h i c h  s u p p o r t s  e n g i n e e r i n g  o f  a i r c r a f t  s t r u c t u r e s  u s i n g  
c o m p u t e r  s i m u l a t i o n .  T h e y  b r i e f l y  d e s c r i b e  a v a i l a b l e  
c o m p u t e r  s u p p o r t  a n d  r e c o m m e n d  i m p r o v i n g  a c c u r a c y  a n d  
e f f t c i e n c y .  I m p r o v e d  a c c u r a c y  o f  s i m u l a t i o n  w i l l  l e a d  t o  
more e c o n o m i c a l  s t r u c t u r e .  I m p r o v e d  e f f i c i e n c y  will r e s u l t  
i n  l o w e r i n g  d e v e l o p m e n t  t i m e  a n d  e x p e n s e .  
2. SIMULATION SUPPORT 
F i g u r e  2 l i s t s  t h e  d y n a m i c i s t s '  t a s k s  f o r  c o m p u t e r  
s i m u l a t i o n  of t r a n s i e n t  a n a l y s i s .  D y n a m i c i s t s  d e f i n e  t h e  
f i n i t e - e l e m e n t  r e p r e s e n t a t i o n  o f  t h e i r  s t r u c t u r e  a n d  i t s  
b o u n d a r y  c o n d i t i o n s .  T h e y  s e l e c t  t h e  p r o c e d u r e s  t o  u s e  i n  
i n t e g r a t i n g  t h e  e q u a t i o n s  o f  m o t i o n  o v e r  t i m e ,  a n d  d e f i n e  
t h e  m o d e l s  a n d  e x t e n t  o f  s t r e s s  e v a l u a t i o n .  T h e y  i n t e r p r e t  
a n a l y s i s  r e s u l t s  w i t h  r e s p e c t  t o  t h e  r e a l  s y s t e m ,  d r a w i n g  
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upon their knowledge of the models, algorithms, and the 
computer configuration which implements the simulation. 
Figure 3 identifies the computer capabilities which 
support implementation of the tasks of Figure 2. Existing 
finite-element models provide for both Rayleigh-Ritz and 
heuristic models. Three methods o f  reducing the vector 
basis, four classes of numerical quadrature, and at least 
three processes for evaluating stresses are available. 
Interpretation software facilitates plotting and tabulating 
data. 
3 .  ACCURACY ASSESSMENT 
Figure 4 is typical of the type o f  data that would be 
useful to the dynamicist in assessing analysis accuracy. 
The continuous folded line on this figure plots the actual 
spatial discretization error for the first two resonant 
frequencies. The dashed folded line portrays the error 
predicted using accuracy qualifying logic. 
Figure 5 shows similar data qualifying the prediction 
of transient response with respect to spatial discretization 
error. The fact that this error can accumulate during the 
history emphasizes the need for continuous monitoring of 
this error source. 
Figure 6 notes the principal sources of inaccuracy in 
each of the simulation tasks. The sources include spatial 
discretization, time discretization, process, round-off, 
idealization, and human errors. These sources induce 
accuracy loss in each task which can accumulate from task 
to task and obliterate accuracy. 
Figure 7 is a bar chart of the comprehensiveness o f  
support o f  each error source in contemporary simulations. 
No known production computer code is complete with respect 
to any source. Most codes provide partial protection 
against process and roundoff error only. Consequently, we 
cannot regard transient analysis results as reliable. For 
some of these sources, new technology is needed to deter- 
mine accuracy; for others, suggested techniques require 
evaluation; and for the rest, only implementation in 
production codes is necessary. 
4 .  ANALYSIS EFFICIENCY 
Figure 8 cites the sources of inefficiency in 
simulation tasks with respect to technology and software. 
These sources involve use of non-optimum models, inappro- 
priate integration algorithms, and unsuitable space and 
time grids. Lack of efficiency measures in computer codes 
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inhibits experimental improvement of simulation efficiency 
in practice. 
Figure 9 illustrates the inefficiency of available beam 
models for predicting modal frequencies. This figure shows 
the logarithmic relation between the number of modal 
frequencies and the equivalent number of elements and nodal 
variables. The first is a measure of the computer resources 
needed for equation coefficient; the second, those needed 
for equation integration. The data show that the efficiency 
of  the Bernouilli-Euler beam model is less than 50 
percent of that of the ideal model. 
Figure 10 focuses on the efficiency of nodal siting 
€ o r  the beam. The abscissa of the graph measures the num- 
ber of calculations. The ordinate indicates the number of 
accurate modes. These curves illustrate the existence of 
a distinct optimum grid for each mode. Analysis using the 
optimum grid requires only one-third the calculations of 
the average grid. 
Figure 11 gives the conventional wisdom for selecting 
the time integration process of transient analysis. This 
table pertains to linear dynamic analyses. Considering the 
number of calculations, the data indicates that a different 
algorithm is advisable depending upon whether the frequency 
content of response is high or low and whether the 
integration time is brief or extended compared with the 
period o f  the fundamental mode. Comparing the best to the 
worst choice of algorithm we find an advantage of a factor 
which is a function of the order and band o f  the integration 
operator matrix. 
Figure 1 2  provides data for comparing the efficiency of 
integration algorithms for a highly nonlinear transient 
analysis of a cylinder. These data indicate that explicit 
(central differences) and explicit (Newmark Beta) are 
competitive but modal synthesis is not. Choosing the better 
algorithm may reduce the number of calculations to 1 / 1 0 0  o f  
those of modal synthesis. 
Figure 1 3  summarizes the potential for improving 
simulation efficiency by improving both models and 
algorithms. It indicates the opportunity for reducing the 
number of calculations by three orders o f  magnitude. 
5. CONCLUSIONS 
Now, computer implementation of transient analysis of 
aircraft structures provides for accurate response 
predictions. The dynamicist can hope to determine the 
accuracy of his particular simulation only by "heroic" 
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efforts. Steps he may make to satisfy his desire f o r  
efficient analysis are heuristic. 
Thus, desirable new technology includes a validated 
comprehensive set o f  simulation accuracy and relative 
efficiency measures. Using these measures to identify 
research opportunities will lead naturally to better models 
and data processing algorithms. 
The ultimate benefit o f  accuracy measures will be that 
dynamicists will have the data they need to more fully 
understand and interpret the computer's time histories. The 
ultimate benefit of efficiency measures will be exploitation 
of the potential to reduce the number of  calculations o f  
transient analysis by one to three orders o f  magnitude. (Fig. 1 4 ) .  
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CLASS (1) 
H . B .  
L.B. 
H.E. 
L.E.  
BEST INTEGRATION N O .  OF 
ALGOR1 THM CALCS . ( 2 )  
C e n t r a l  or Newmark Nb2 
Wilson  R i t z  16Nb 
t 
Newmark 4 N b 9  
A t i  
Modal S y n t h e s i s  8 N k  
A t i  
N 
b 
/b 
N 
(1) 
H = h i g h  f r e q u e n c y  r e s p o n s e  i m p o r t a n t :  L = l o w  
B = b r i e f  p e r i o d  of i n t e g r a t i o n ;  E = e x t e n s i v e  p e r i o d  
( 2 )  
N = no .  o f  e q u a t i o n s  of m o t i o n  
b = semi -band  w i d t h  o f  i n t e g r a t i o n  o p e r a t o r  m a t r i x  
tp = p e r i o d  o f  i n t e g r a t i o n  
A t i  = t i m e  s t e p  r e q u i r e d  
( 3 )  
Comparing C e n t r a l  D i f f e r e n c e s ,  Newmark Beta, Modal 
S y n t h e s i s ,  a n d  W i l s o n ' s  R i t z  Vectors me thods .  
Figure 11 .  Efficient time integration-linear. 
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F i gure 12. Calculations f o r  nonlinear analysis. 
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EXPLICIT, IMPLICIT, AND HYBRID METHODS 
T. Belytschko 
Northwestern University 
Evanston, I l l i n o i s  
Time integration methods can be separated into two groups: explicit and 
implicit. Roughly speaking, methods which do not involve the solution of any 
algebraic equations are called explicit, whereas those that require the solution 
of equations are called implicit. 
The relative advantages and disadvantages of explicit and implicit methods 
are summarized in Fig. 1. It is interesting to observe that the positive attrib- 
utes of these two methods form complementary sets, so that if the positive 
attributes of the two methods can be combined into a single method, a truly 
powerful method would be achieved. 
An important point which is brought out in Fig. 1 is that whereas implicit 
methods are unconditionally stable for linear problems, stability does not imply 
accuracy and in fact the stability of implicit methods has often misled 
structural analysts into using time steps which yield very poor accuracy. 
Furthermore, no current t€me integration will undoubtedly be an important topic 
for future research. 
R e l a t i v e  m e r i t s  o f  e x p l i c i t  and i m p l i c i t  i n t e g r a t i o n  methods 
Expl  i c i  t 
t very s i m p l e  and t r o u b l e  f r e e  a l g o r i t h m ,  complex phenomena e a s i l y  i n c l u d e d  
+ accuracy i s  assured i f  A t  s t a b l e  f o r  l a r g e  systems 
+ no s t i f f n e s s  m a t r i x  necessary - saves s to rage  
- c o n d i t i o n a l l y  s t a b l e ,  smal l  A t  
Imp1 i c i  t 
+ u n c o n d i t i o n a l l y  s t a b l e ,  l a r g e  A t  
- complex a l g o r i t h m  w i t h  low r e l i a b i l i t y  i n  n o n l i n e a r  s i t u a t i o n s  
- accuracy can d e t e r i o r a t e  
- Newton form has l a r g e  core s to rage  requ i remen ts  
Figure 1 
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The major 
dure s has be e n 
na tu re  of t he  
t rend  of t h e  p a s t  decade of research  on time i n t e g r a t i o n  proce- 
hybr id i za t ion  methods so  as t o  take  advantage of t h e  complementary 
p o s i t i v e  a t t r i b u t e s  of e x p l i c i t  and i m p l i c i t  In t eg ra t ion .  The 
types of hybr id i za t ion  are ind ica t ed  i n  Fig.  2. References €or these  methods are 
a s  fol lows:  p a r t i t i o n i n g  (1-71, ope ra t ing  s p l i t t i n g  methods 18-11], semi- 
i m p l i c i t  methods [9-121. It should be noted t h a t  t h e  d i s t i n c t i o n  between semi- 
i m p l i c i t  methods and ope ra to r  s p l i t t i n g  methods i s  r a t h e r  fuzzy; both groups oE 
methods t r y  t o  achieve uncondi t iona l  s t a b i l i t y  through some modi f ica t ion  of t h e  
evo lu t ion  ope ra to r  which e i t h e r  completely obv ia t e s  t h e  need for so lv ing  any 
equat ions or  reduces the  s i z e  of the  s y s t e m  t o  be solved.  
O b j e c t i v e  o f  c u r r e n t  r e s e a r c h  i n  t i m e  i n t e g r a t i o n :  
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t o  e x p l o i t  t h e  advantages  o f  i m p l i c i t  and e x p l i c i t  methods t h r o u g h  
h y b r i d i z a t i o n  (advantages  o f  t h e  two  methods a r e  complementary ! )  
d i r e c t i o n s :  
p a r t i t i o n i n g :  d i f f e r e n t  o p e r a t o r s  on d i f f e r e n t  p a r t s  o f  t h e  mesh 
s e m i - i m p l i c i t  methods: u n c o n d i t i o n a l l y  s t a b l e  methods t h a t  r e q u i r e  no 
s o l u t i o n  o f  e q u a t i o n s  o r  s m a l l e r  systems 
o p e r a t o r  s p l i t t i n g  methods: s p l i t  ,A t o  s i m p l i f y  s o l u t i o n  - s i m i l a r  t o  
s e m i - i m p l i c i t  
Figure 2 
The major shortcoming of o p e r a t o r  s p l i t t i n g  methods h a s  been t h e  r a p i d  
d e t e r i o r a t i o n  of t h e i r  accu racy  w i t h  i n c r e a s i n g  time s t e p .  For  example,  i f  w e  
c o n s i d e r  t h e  T r u j i l l o  s e m i - i m p l i c i t  method, which is i l l u s t r a t e d  i n  F ig .  3 ,  we 
f i n d  t h a t  as t h e  Courant number i n c r e a s e s  t h e  accu racy  d i m i n i s h e s  d r a m a t i c a l l y .  
I n  Reference [ l o ]  i t  i s  shown t h a t  t h e  phase v e l o c i t y  i n  a one-dimensional mesh 
i n  t h e  T r u j i l l o  method is  such  t h a t  t h e  s h o r t e r  waves e s s e n t i a l l y  on ly  advance 
one mesh l e n g t h  d u r i n g  a t i m e  s t e p ;  t h u s ,  t h e  e f f e c t  of t h e  semi - impl i c€ t  i n t e -  
g r a t o r ,  as shown i n  F ig .  4 ,  is  t o  r e t a r d  wave v e l o c i t y  s o  s e v e r e l y  t h a t  regard-  
less of t h e  s i z e  of t h e  time s t e p  a quasi-Courant c o n d i t i o n  a p p l i e s  i n  t h a t  t h e  
numerical  waves o n l y  t r a v e r s e  a s i n g l e  element i n  a time s t e p .  Th i s  d i s t o r t i o n a l  
c h a r a c t e r i s t i c  of s e m i - i m p l i c i t  methods has  a l s o  been noted i n  t h e  rigid-body 
modes by Park and Housner [ 1 2 ] .  I n  Reference [ 1 2 ]  s e v e r a l  t e c h n i q u e s  f o r  
improving t h e  accu racy  of s emi - impl i c i t  methods were developed,  but  we have no t  
had time t o  check t h e i r  e f f e c t s  i ndependen t ly .  
TRUJILLO SEMI-IMPLICIT 
( re f .  9 )  
U l e t  
s imi la r  t o  2 passes o f  Gauss - Seidel 
unconditional ly  s t a b 1  e 
a ccu racy ? 
F i g u r e  3 
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Avoidance of equation solution and unconditional stability can be achieved 
by rational Runge-Kutta methods 1131, see Fig. 5 .  Again, the accuracy of these 
methods deteriorates rather quickly when the time step is much larger than the 
stability limit €or the explicit methods. These methods seem to be most suited 
to parabolic systems. For structural mechanics,which involves a combination of 
hyperbolic and parabolic behavior, their lack of accuracy is generally unaccept- 
able. 
R a t i o n a l  Runge K u t t a  
b = bl v1 + b2 v2 
u n c o n d i t i o n a l l y  s t a b l e  and second o rde r  a c c u r a t e  
if c = T ,  bl = 2, b = -1 H a i r e r  1980 ( re f .  13) 1 2 
no s o l u t i o n  o f  equa t ions  i f  ,M d iagona l  
x < 0 i f  A t  i s  t o o  l a r g e  
p a r t i t i o n e d  R a t i o n a l  Runge K u t t a  methods, L i u  e t  a l .  
IJNME, 1581-1597, (1984), 1984 ( r e f .  14) 
Figure 5 
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A very novel  o p e r a t i n g  s p l i t t i n g  method, which i t s  t h  u n i  ue f e a t u r e s  
of t h e  f i n i t e - e l e m e n t  assembly o p e r a t i o n ,  h a s  r e c e n t l y  been developed by Hughes 
and coworkers [151. T h i s  method on ly  r e q u i r e d  conve r s ion  of t h e  element  matri- 
ces,  so whi l e  t h e  method does not completely avo id  t h e  s o l u t i o n  of e q u a t i o n s  as 
i n  semi - impl i c i t  methods, t h e  s i z e  of e q u a t i o n s  t o  be s o l v e d  is reduced subs t an -  
t i a l l y ,  see F ig .  6 .  Hughes and coworkers make a very compell ing argument t h a t  
t h i s  t ype  of method w i l l  prove p a r t i c u l a r l y  b e n e f i c i a l  i n  t h ree -d imens iona l  
a p p l i c a t i o n s .  
We have t e s t e d  a n  e a r l y  v e r s i o n  of t h e  method i n  bo th  p a r a b o l i c  systems and 
e l a s t i c - p l a s t i c  s t r u c t u r a l  mechanics problems. I n  comparing t h e  method w i t h  a 
c o n j u g a t e  g r a d i e n t  method, we found t h a t  t h e  element-by-element and c o n j u g a t e  
g r a d i e n t  methods were of comparable speed. When used w i t h  l a r g e  t i m e  s t eps  i n  
s t r u c t u r a l  dynamics problems,  we were not  a b l e  t o  a c h i e v e  r e a s o n a b l e  accu racy  
u n l e s s  w e  made a l a r g e  number of sweeps d u r i n g  e a c h  time s t e p .  On t h e  o t h e r  
hand, we  found t h e  method t o  be very u s e f u l  i n  c ra sh - type  problems i n  c o n j u n c t i o n  
w i t h  e x p l i c i t  t echn iques .  As a deforming s t r u c t u r e  becomes most ly  p l a s t i c ,  i t  
becomes p o s s i b l e  t o  i n c r e a s e  t h e  e x p l i c i t  time s t e p  q u i t e  a b i t  i f  t h e  element- 
by-element procedure i s  used t o  s t a b i l i z e  e l emen t s  which unload i n t o  t h e  e l a s t i c  
regime. T h i s  would d e t r a c t  somewhat from t h e  accu racy  i f  i t  occur s  i n  many ele- 
ment. However, i n  g e n e r a l ,  phase accu racy  i s  not  a n  o v e r r i d l n g  conce rn  i n  c ra sh -  
t y p e  problems, s o  t h a t  t h e  p o t e n t i a l  of t h e s e  methods f o r  s t a b i l i z i n g  e x p l i c i t  
methods i s  worth i n v e s t i g a t i n g .  We have not  y e t  t r i e d  t h e  l a t e r  v e r s i o n s  of t he  
element-by-element t e c h n i q u e  which are r e p o r t e d  t o  be s u b s t a n t i a l l y  more accu- 
r a t e .  Reference [161 r e p o r t s  a procedure which reduces t h e  computa t iona l  e f f o r t  
r e q u i t e d  i n  s o l v i n g  t h e  element e q u a t i o n s  by as much as a n  o r d e r  of magnitude. 
ELEMENT-BY-ELEMENT OPERATOR SPLIT 
Hughes, L e v i t .  U i n g e t  ASCE J. Eng. Mech. O i v .  A p r r l  1983 ( r e f .  8)  
Comp. b t h .  @ P I .  k c h .  Eng. 1983 ( r e f .  IS) 
O r t i z ,  P insky  and T a y l o r  (ref. 17) 
R e c a l l  i m p l i c i t  Eqns. 
P g p r o x i m t i o n  
So (2 )  b e c a n s  
P r o c e d u r e  
ONLY ELEMENT MATRICES NEED TO BE INVERTED! 
F i g u r e  6 
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For problems w i t h  d i f f e r e n t  time scales  such  as t h e  s p a c e - s t r u c t u r e  
deployment problem, where high-frequency impacts  occur  i n  c o n j u n c t i o n  w i t h  low- 
f r equency  r igid-body motions,  t h e  p a r t i t i o n e d  .- methods are q u i t e  promising. 
P a r t i t i o n e d  methods are d e f i n e d  as t h o s e  which employ d i f f e r e n t  time s t e p s  or 
d i f f e r e n t  i n t e g r a t o r s  i n  d i f f e r e n t  parts O E  t h e  mesh. During a n  i n p u t ,  i t  would 
be d e s i r a b l e  t o  use  d i f f e r e n t  time s t e p s  i n  t h e  v i c i n i t y  of t h e  impact in s o l v i n g  
a large-scale s t r u c t u r e  problem. By do ing  t h i s ,  accu racy  could be r e t a i n e d  i n  
a l l  p a r t s  of t h e  mesh w i t h o u t  engendering large expense.  The p o t e n t i a l  of t h e s e  
methods i s  i n d i c a t e d  i n  Fig.  7. 
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Considerable progress has recently been achieved in mesh partitions with 
different time steps, see References 5 to 12; 14 to 16, and 18 to 20. Basically, 
two types of mixed time partitions have been involved: element partitions and 
nodal partitions. The algorithm for nodal partition is shown in Fig. 8. Nodal 
partitions appear t o  provide the best accuracy, but their analysis has been 
impeded by the fact that the amplification matrix is not symmetric. 
S u b c y c l i n g  w i t h  Nodal P a r t i t i o n  
fn  - 
0 0 0 
0 0 0 0 
1 2 3 4 
nodes 1 and 2 w i t h  A t  
nodes 3 and 4 w i t h  .?At 
compu ta t i ons  i n  c y c l e  
update ul, u2 
upda te  f@ f@ 
update ul, u2 
upda te  b, i = l t o 3  
update ul, u2, u3, u4 
update @ Q  
0 a m p l i f i c a t i o n  m a t r i x  i s  n o t  symmetric 
Figure 8 
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An elemental partition is shown in Fig. 9. Element partitions are 
associated with symmetric amplification matrices and in Ref. [20l a prooE of 
sufficient conditions or stability has been given for a first-order, linear 
system with different time steps. The proof applies to both explicit and 
implicit integrators. 
Subcyc l i ng  w i t h  Elemental P a r t i t i o n  
u ntl = 2' + A t ( $ l ) ( S n  - K 2') 1 s t  o rde r  system i .e.  heat  conduc t ion  
d i f f u s i o n  u
1 2 3 
1 2 3 4 
0 0 0 0 
elements 1 - w i t h  A t  
elements 2 & 3 - w i t h  ,?At 
computat ions i n  c v c l e  
update ul, u2 
update 
u sometimes deleted 
t9 
update ul' Lu2, 
update fo i = 1 t o  3 
update ul, u2, u3,  u4 
update fo 
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P a r t i t i o n e d  i m p l i c i t  methods a r e  p a r t i c u l a r l y  wel l -sui ted t o  i t e r a t i v e  
so lvers .  Whereas f o r  Newton-type s o l v e r s ,  s eve ra l  d i f f e r e n t  t r i a n g u l a t i o n s  have 
t o  be s to red  f o r  mixed t i m e  i n t e g r a t i o n ,  t h i s  i s  not necessary f o r  i t e r a t i v e  
so lvers .  To i l l u s t r a t e  the  na ture  of the s o l u t i o n s  which can be obtained from 
these  methods the  r e s u l t s  of t he  thermal t r a n s € e n t  problem i n  Fig. 10 a r e  shown 
i n  Figs .  11 and 12. An i n t e r e s t i n g  observa t ion  from Fig. 12 i s  t h a t  when the  
time s t e p  r a t i o  i s  extremely l a r g e  ( 3 2 : l  i n  case 2 ) ,  s t a b i l i t y  i s  maintained but 
l a rge  e r r o r s  develop. It has become c l e a r  t h a t  methods of t h i s  t y p e  must use a 
smooth t r a n s i t i o n  of time s t e p s  from the sma l l e s t  time s t e p  t o  the l a r g e s t  time 
s t ep .  Thus, an important i ng red ien t  €n any mixed time i n t e g r a t i o n  procedure i s  a 
s t r a t e g y  which au tomat ica l ly  s e l e c t s  the  time s t e p s  wi th in  the  d i f f e r e n t  regimes 
according t o  accuracy requirements and provides smooth t r a n s i t i o n s  of t i m e  s t e p s  
between regions where very l a rge  time s t e p s  can be used and those where very 
small  t i m e  s t e p s  can be used. 
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The p o t e n t i a l  of t h e s e  methods even i n  two-dimensional problems is q u i t e  
tremendous,  as evidenced by t h e  comparisons shown i n  F ig .  13. Th i s  i s  a two- 
d imens iona l  h e a t  conduc t ion  problem w i t h  a large range of the rma l  c o n d u c t i v i t i e s .  
A s  can be s e e n  from t h e  comparison, s a v i n g s  of a f a c t o r  of 2 t o  5 can  be ach ieved  
even i n  moderately s i z e d  two-dimensional problems. These t y p e s  of s a v i n g s  have 
impor t an t  i m p l i c a t i o n s  i n  a computer-aided e n g i n e e r i n g  environment ,  where t h e  
a n a l y s i s  of a new concept  must be ach ieved  i n  a r e a s o n a b l e  amount of time i f  t h e  
d e s i g n  p rocess  is t o  be i n t e r a c t i v e .  
I 
These mixed-time i n t e g r a t i o n  p rocedures  are i n  many ways s t i l l  i n  t h e i r  
i n fancy .  The a p p l i c a t i o n s  t o  n o n l i n e a r  problems and contact- impact  problems w i l l  
probably r e q u i r e  s p e c i a l  s t r a t e g i e s  i n  o r d e r  t o  e x p l o i t  t h e s e  methods t o  t h e i r  
f u l l e s t  advantage.  It would a l s o  be d e s i r a b l e  t o  deve lop  s t a b i l i t y  a n a l y s e s  i n  
t h e  l i n e a r  regime f o r  second-order sys t ems ,  such  as t h e  e q u a t i o n s  of motion, and 
fo r  nodal p a r t i t i o n s .  
T h i s  c lass  of methods, when combined w i t h  i t e r a t i v e  s o l v e r s ,  would be 
un ique ly  s u i t e d  f o r  p a r a l l e l  a r c h i t e c t u r e  computers.  I n  p r i n c i p l e ,  each  sub- 
domain w i t h  a p a r t i c u l a r  time s t e p  could be t r e a t e d  by a d i f f e r e n t  CPU. Data 
t r a n s f e r  between subdomains would on ly  be necessa ry  f o r  i n t e r f a c e  d a t a .  
Storage and Running Time Comparisons 
Storage 
Method I-4E-8E-81 I I -E-2E-21 I 
A t  = 1 A t = 1  A t - 4  A t  = 4 
nonzero 
terms i n  3288 33771 6089 33771 
average 
semi bandwid th  6 69 12 69 
s o l u t i o n  
t ime  90. 516. 70. 139. 
CPU-s 
Note: 0 problem i s  l i n e a r ;  
o 8 x 50 mesh i s  numbered f o r  l a r g e  bandwidth t o  s imu la te  
3D problems. 
F i g u r e  13 
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1. Introduction 
The need for more powerful computers has prompted the development of a number of multi-processor 
machines with multi-tasking capabilities. These are often referred to  as parallel or concurrent processors. 
In this work we are concerned with the development of time-stepping algorithms for transient finite 
element analysis which lend themselves to an efficient implementation on parallel computers. This 
requires the modification of present algorithms t o  suit the new computing environments. In certain 
instances, algorithms that have been discarded for applications on sequential processors must be re- 
examined for possible use on the new parallel machines. 
T w o  essential conditions have t o  be met for an algorithm t o  be suitable for concurrent computers: 
(1) The algorithm must be such that it divides the problem into sub-tasks which require an approxi- 
mately equal amount of computational effort. 
(2) Each sub-task must be as independent as possible. 
The  first requirement ensures that all the processors start  and end their work almost simultaneously, 
thereby reducing the idle time. The second condition is formulated with aview to minimizing the transfer 
of information between processors. In 111 Gentleman pointed out that  the time for data  communication 
from one processor t o  another can be substantial in comparison t o  computation time. 
The element-by-element (E xE) solution procedures [2,3,4] were first proposed t o  reduce storage 
requirements on sequential computers. In 151 it was suggested that ExE algorithms are potentially 
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useful for concurrent processing as well. However, a closer examination reveals that  although the first 
aforementioned requirement is met, the da t a  transfer between sub-problems can be substantial. This 
is mainly due t o  the fact that  ExE methods are based on product algorithms which are inherently 
sequential 
In this paper a new, fully parallelizable class of solution procedures for transient finite element 
analysis is outlined. Further details about the method can be found in IS] .  The algorithms are such 
that any part of the structure can be processed independently of the rest over a time step. Thus, for 
any partition of the structure all the members of the partition can be processed independently and 
simultaneously, Le., concutredly over a time step. The  proposed algorithms have the structure of an 
ezplicit scheme. In particular, no global equation 8oluing eflort i8 inuolued. However, the proposed class 
of algorithmscontains an uncondilionolly8tabfe subcfa88 for which the choice of time step size is dictated 
by accuracy considerations alone. This is a typically implicit-like property. 
In sum, concurrent procedures may be regarded as a hybrid of implicit and explicit schemes which 
exhibits some of the best attributes of both types of methods, such as the unconditional stability of 
implicit algorithms and the concurrency of explicit schemes. This latter feature renders the proposed 
algorithms particularly well suited for a parallel environment. 
2. A clam of unconditionally rtable concurnnt algorithm 
Next we discuss a class of time-stepping algorithms a distinct characteristic of which is that  they 
lend themselves t o  an efficient implementation on parallel processors. The parallel nature of this class 
of algorithms owes t o  the fact that, for any partition of the finite element mesh, each subdomain in the 
partition can be processed independently of the others over a time step. In particular, one can choose 
a partition in which the subdomains are the finite elements themselves. In this case, all of the finite 
elements can be processed concurrently and independently of each other, Le., in parallel It should be 
emphasized, however, that  an element-based partition is just a particular choice among a continuous 
spectrum of possibilities. In practice, the number of subdomains is limited by hardware considerations 
such as the number of processors in a parallel computer. 
For simplicity, the method is next outlined within the context of linear heat conduction. Further 
details as well as an extension of the method t o  the dynamic case can be found in [ 6) .  Upon application 
of the finite element method as a means of spatial discretization the problem is reduced t o  a set of 
semidiscrete equations 
where d denotes the nodal temperature array, M the capacity matrix, K the conductivity matrix and f 
the nodal source vector. In finite element analysis the conductivity and capacity matrices are assembled 
from element contributions through the assembly operation 
e C 
where Ke and Me are the element conductivity and capacity matrices, respectively. 
The application of the method requires that the structure be first partitioned into subdomains. In 
multi-processor computers, the number of such subdomains is typically taken t o  be equal t o  the number 
of processors in the machine. It is interesting t o  note that, unlike the ExE method, the mesh partitions 
can here be chosen with no concern for the connectivity of the subdomains. This greatly facilitates the 
definition of mesh partitions. Let S denote the domain of analysis and {So, o = 1,. . . , N} a given 
partition of the mesh into N subdomains So. We shall use the symbols M', K" and do t o  denote the 
mass and stiffness matrices and the local solution array of substructure So. Thus, do contains the nodal 
values of the solution a t  nodes within So and it  fully determines the state of the subdomain. The local 
matrices Ma and KO are obtained from a partial assembly (2) extended t o  the elements contained in 
subdomain u. Furthermore, let rint E #=1 LIS" - LIS denote the 'interior boundary' of the partition. 
In other words, the interior boundary is the union of the parts of the subdomain boundaries which do 
not lie on the boundary of the overall domain. The restriction of d t o  rin' will be denoted by dint. 
With this terminology, the conceptual algorithm can be stated as follows: 
(i) Localize the initial conditions dn t o  subdomains So to obtain an extended array dm P {dA,. . . , df}. 
(ii) Update local arrays {a:} using an implicit algorithm t o  integrate the decoupled subproblems 
Wd' + K"d" = f" (3) 
Let us denote by the extended predictor so obtained. 
(iii) Mass-average a t  rint t o  obtain dt&. 
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(iv) Integrate again the decoupled subproblems (3) with initial conditions d: and prescribed all-around 
boundary conditions d:!l t o  obtain the updated solution array dn+l. 
Thus, the basic algorithm involves a double pass through the subdomains in the mesh partition. 
The sole purpose of the first pass is t o  determine the updated solution d$!!l on the interior boundary 
rint. The second pass updates the remaining degrees of freedom for known values of the solution on 
the subdomain boundaries. It should be noted that  in both passes all subdomains can be processed 
concurrently. For element-by-element mesh partitions one trivially has d$!!l I dn+1. Under these 
conditions, the second pass does not alter the solution and can be dropped from the algorithm. On the 
other extreme, if the structure is not partitioned a t  all one trivially recovers the implicit schemes. 
REMARK 2.1. The  choice of a mass-averagingrule is not arbitrary. It can be shown [ 61 that  this is 
in fact the only choice of averaging rule which renders the algorithm consistent with the global equations 
of evolution. The mass-averaging rule is implemented as follows. The result of each local update a:+, 
is first weighted by the local capacity matrix M'. The  resulting local arrays are assembled into a global 
vector which is then multiplied by M-'. 0 
REMARK 2.2. The  practicality of the method clearly requires the use of a lumped capacity matrix. 
For most practical purposes, however, this is not a particularly stringent limitation. 0 
REMARK 2.9. In general, the proposed algorithm can only be expected t o  be first-order accurate, 
i.e., dn+l = d(Zn + h)  + O(h2) whenever dn = d(t,). In [ 6 1 it is shown how higher-order algorithms 
can be derived from the first-order scheme discussed here. 0 
REMARK 2.4. It should be noted that  the updates of the subdomains involve local operations 
only. In particular, the global stiffness matrix need not be assembled a t  any time during the integration 
process, much less factorized. 0 
REMARK 2.5. A particularly promising feature of the proposed class of algorithms is the fact that  
they are amenable t o  a fully parallel implementation, whereby all the subdomains in the partition are 
processed concurrently and independently of each other over a time step. I t  should be emphasized that  
the mesh partitions can be defined in a completely arbitrary manner, with no concern for the connectivity 
of the subdomains. This greatly facilitates the definition of mesh partitions. Another interesting aspect 
of the algorithm is that  exchange of information between the subdomains is only required at the end of 
a time step. This has the effect of reducing the extent of interprocessor communication t o  a minimum. 
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All this is in sharp contrast t o  other ’semi-implicit’ schemes proposed in the past which, although 
parallelizable t o  some extent, are inherently sequential, require elaborate schemes to define the mesh 
partitions and involve interprocessor communications during each time step. 0 
REMARK 2.6. Clearly, the properties of the proposed concurrent procedures depend on the choice 
of local update algorithm. I t  can be shown [ 61 based on Iron’s bounding principle [7] that  if the local 
algorithms are unconditionally stable then resulting concurrent procedure is also unconditionally stable. 
In other words, concurrent procedures preserve the stability of the local algorithms utilized t o  update 
the subdomains. 0 
A first numerical example is shown in Fig. 1. The analysis is concerned with linear heat conduction 
in a bar with prescribed boundary conditions a t  both ends. The bar was discretized into 100 linear 2- 
node elements and the resulting mesh partitioned into 4 subdomains each containing 25 elements. The 
decoupled subproblems were integrated using the backward-Euler algorithm. Fixed time step sizes were 
utilized throughout the integration process. As may be seen from Fig. 2, the computed results exhibit 
good accuracy over a wide range of time steps. 
3. Accuracy under ruccersive reflnementr of the partltlon 
The question that naturally arises now is what is the effect on the overall accuracy of the algorithm 
of successive refinements of the mesh partition. The question is motivated by the observation that the 
smaller the subdomains in the partition the cheaper is one application of the algorithm. In particular, 
when element-by-element mesh partitions are utilized the cost of one application of the algorithm is 
reduced to a minimum. However, numerical experiments inmediately show that increasing the number 
of subdomains has an adverse influence on the accuracy of the algorithm. This effect is best illustrated 
by examining the limiting case of element-by-element partitions of the mesh. In this case, the major 
restriction on the time step size stems from the fact that  one application of the algorithm propagates 
element information to  adjacent elements only. This limited flow of information is particularly stringent 
when analyzing parabolic systems which are far away from equilibrium. In such cases, information needs 
t o  be rapidly exhanged between distant sections of the structure. The situation is aggravated by fine 
meshes for which information has t o  traverse many elements at the expense of many applications of the 
algorithm before it is propagated over an appreciable distance. A similar analysis for another class of 
algorithms has been reported elsewhere [SI. 
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These considerations point to the need of combining element-by-element partitions with a step- 
changing technique to  control accuracy. Here the aim is t o  devise a criterion whereby the time step size 
is automatically reduced when rapid flow of information is required and increased whenever accuracy 
permits. A simple strategy is based on Richardson's extrapolation and uses the difference between 
two solutions dn(h /2 )  and dn(h) obtained with step sizes h/2  and h, respectively, to estimate the local 
truncation error as 
(see, e.g., 191 where alternative methods are given). Based on this estimate it is possible to determine 
the extent by which the time step size h has t o  be reduced or can be increased t o  satisfy a local trucation 
error condition 
for some given tolerance r .  
The performance of element-by-element concurrent algorithms can be illustrated by means of the 
problem stated in Fig. 3. The  analysis is concerned with linear heat conduction in a circular region 
subjected t o  a sudden temperature rise along the boundary. A mesh of 100 isoparametric 4-node elements 
was  employed. The  Crank-Nicolson algorithm (see, e.g., [lo]) was utilized for the local updates. The  
error norm involved in estimate (4) was taken t o  be 11 d where n denotes the number 
of degrees of freedom in the model. Fig. 4a shows a comparison between the exact solution and the 
results obtained for local truncation error tolerances r = lo' and The more stringent tolerance 
is seen t o  result in accurate predictions. As larger local truncation errors are allowed, a loss of accuracy 
is observed which manifests itself as an overly slow relaxation. 
(i 
The  behavior of the step-changing procedure is exhibited in Fig. 4b. It is seen that  during the first 
stages of the relaxation process when the system is far away from thermal equilibrium accuracy demands 
the use of small time steps. As the system relaxes, the required step size steadily increases. Whereas 
for explicit integration this growth has t o  be stopped a t  the critical time step he to avoid numerical 
instabilities, concurrent algorithms can be used with time steps of any size as accuracy permits. Fig. 
4b shows how the critical time step he is eventually exceeded without instabilities in the response or 
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any significant loss of accuracy. As a result, the 'average time step', Le., the duration of the analysis 
divided by the total number of time steps can be substantially larger for concurrent algorithms than 
for explicit schemes, which renders the former more economical. In view of this numerical evidence, 
it should be emphasized that  an efficient implementation of the method based on element-by-element 
mesh partitions within the context of parabolic problems requires that i t  be combined with a time 
step-changing technique. 
The above numerical results clearly indicate that increasing the number of subdomains in the mesh 
partition has two opposite effects. On one hand, one application of the algorithm becomes increasingly 
cheaper. On the other hand, t o  maintain a given level of accuracy the time step has t o  be decreased, 
which adds t o  the cost of the analysis. The question is which effect dominates and whether using 
concurrent procedures instead of implicit algorithms is cost effective. That  this is so can be illustrated 
by means of a simple example. Consider the nonlinear 3D dynamic analysis of a cube subdivided into 
N equal subdomains. The case of implicit integration corresponds t o  N = 1. Numerical tests show that  
t o  maintain the same level of accuracy obtained from implicit schemes the time step has t o  chosen so as 
t o  satisfy a Courant condition based on the dimensions of the subdomains. Thus, the time increment 
has t o  be decreased as O(l/N'/3) as the number of subdomains increases and consequently the number 
of steps in the analysis has t o  be increased as O(N'lS). On the other hand, the number of degrees of 
freedom per subdomain decreases as 0(1/N) and the bandwith as O(l/N2/S). Therefore, the execution 
time involved in factorizing a local array decreases as O( l/N713). Identifying the cost of one application 
of the algorithm with that of one local factorization then the total execution time for the analysis goes 
as O(N'/') x O(l/N7/3) M O(l/N2). This shows that concurrent algorithms may be expected to  cut 
down significantly on execution times with respect t o  implicit algorithms. Similar estimates hold for 2D 
hyperbolic and 2D and 3D parabolic problems. 
4. Summary and concluslonr 
A new family of algorithms has been outlined which would appear t o  be particularly well-suited for 
implementation in a parallel environment. This owes to the fact that  for any partition of the mesh each 
subdomain in the partition can be processed over a time step simultaneously and independently of the 
rest. The method eliminates the need for assembling and factorizing large global arrays while retaining 
the unconditional stability properties of the algorithms used a t  the local level. To critically appraise the 
proposed methodology, two limiting cases may be considered: 
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Element-by-element merb partltionr. An appealing feature of element-by-element partitions is 
that they render the implementation of the method a trivial exercise. Thus, for any finite element code 
with an explicit algorithm the method can be implemented by merely replacing the usual element stiffness 
and conductivity matrices by suitably modified ones. Furthermore, this choice of partition has the effect 
of minimizing storage requirements and arithmetic operations per time step. I t  is interesting t o  note that 
the first order method requires the same number of arithmetic operations per time step as the single 
pass ExE method. However, for dynamic problems numerical experiments demonstrate the superior 
accuracy of concurrent algorithms over the ExE method discussed in 131. For parabolic problems, 
concurrent algorithms based on element-by-element partitions share the same accuracy limitations as 
explicit schemes and ExE methods. These limitations arise as a consequence of the limited flow of 
information per time step allowed by the algorithms. However, as shown above the combination of 
concurrent algorithms with a step changing technique results in an accurate and reliable procedure 
which can be significantly more economical that  explicit schemes. 
Coarse mesh partltlons. The  use of coarse mesh partitions is a natural choice when implementing 
the method in concurrent computers. In a parallel environment, the number of subdomains in the 
partition is dictated by the number of processors in the machine. Remarkably, the numerical evidence 
presented above shows that the use of coarse mesh partitions is also optimal from the standpoint of both 
accuracy and cost efficiency. Thus, it would appear that  by far the most promising characteristic of the 
proposed algorithms is their suitability for an efficient and straightforward parallel implementation. By 
contrast, in this context ExE procedures are cumbersome particularly when applied t o  structures with 
complicated topologies. Even for regular meshes the ExE method may not be amenable forafullyparallel 
implementation. For instance, for a rectangular domain with a regular mesh some degree of parallelism 
can be obtained from the ExE method as a consequence of the fact that  the mesh can be partitioned into 
four disjoint groups. Then, the elements in each group can be processed concurrently but the groups have 
t o  be processed sequentially. Thus, even in this simple case full parallelism cannot be achieved with the 
ExE method. For arbitrary 2D and 3D topologies a graph coloring algorithm has to be implemented t o  
partition the mesh into disjoint subdomains. This task  is by no means trivial. Furthermore, simple bar 
models can be formulated for which no degree of parallelism a t  all can be obtained from the ExE method. 
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In addition, even in the cases where disjoint groups can be easily found, when the processing of a group is 
completed a set of da t a  pertaining tothe intermediate eolution haa to be truurferred between processors. 
The time and cost involved in these operations can be substantial 111. By contrast, the method presented 
here requires no special partitioning schemes and performs fewer interprocessor communications. 
In conclusion, whereas the proposed methodology can be useful in sequential machines as well, i t  
would appear t o  be most promising as it bears on parallel computation. It should also be emphasized 
that extensions of the method t o  nonlinear problems are possible. 
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Fig. 1. Definition of test problem: heat conduction in a bar with prescribed temperatures at both 
ends. 
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TRANSIENT ANALYSIS TECHNIQUES 
IN PERFORMING IMPACT AND CRASH DYNAMIC STUDIES 
A. R. P i f k o  and t 
Advances i n  technology are made t y p i c a l l y  i n  response t o  new performance re- 
quirements .  The area of crash s i m u l a t i o n  i s  no except ion .  B e c a u s e  of t he  emphasis 
now b e i n g  p l a c e d  on c r a s h w o r t h i n e s s  as a d e s i g n  requirement ,  i n c r e a s i n g  demands a re  
b e i n g  made by v a r i o u s  o r g a n i z a t i o n s  t o  a n a l y z e  a wide range of complex s t r u c t u r e s  
t ha t  must perform s a f e l y  when s u b j e c t e d  t o  s e v e r e  impact l o a d s ,  such  as t h o s e  gener-  
a t e d  i n  a crash event .  
The u l t i m a t e  g o a l  of c r a s h w o r t h i n e s s  d e s i g n  and a n a l y s i s  i s  t o  produce v e h i c l e s  
w i t h  t h e  a b i l i t y  t o  reduce the  dynamic f o r c e s  exper ienced  by occupants  t o  s p e c i f i e d  
acceptable l e v e l s ,  w h i l e  m a i n t a i n i n g  a s u r v i v a b l e  envelope around them d u r i n g  a 
s p e c i f i e d  crash event .  
F i g u r e s  1 through 3 show examples of t h e  t y p e  of impacts t h a t  must be s imula ted .  
F igure  1. Vertical  impact  of h e l i c o p t e r .  
PRECEDiFdG PAGE BLANK NOT FILMED 383 
ORlGiNAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
. . . . . .  , . . * . e , .  
. . . . . , , , , 
, *  . . . . . . .  
Figure 2. YASA/FAA qenera l -av ia t ion  c rash  dynamics proyram. 
Figure 3. Rear-impact t es t  of automobile. 
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The requirement f o r  crashworthy vehicles has been a motivating force behind the 
development of computer programs €or use i n  a vehicle crash simulation. Development 
of these programs has been the  d i r e c t  r e s u l t  of advances i n  both s t r u c t u r a l  mechanics 
and computer sciences. Specif ical ly ,  advances i n  finite-element methods, made feas i -  
b l e  by rapid developments i n  computer hardware and software, form the  foundation on 
which these programs were developed. After more than a decade of development, a 
number of programs a r e  now avai lable  and a r e  used f o r  p r a c t i c a l  analysis  and design. 
The capabi l i ty  of one s u c h  program is reviewed and some experiences gained i n  
the crash evaluation of automobile and a i r c r a f t  s t ruc tures  a r e  re la ted.  
There a r e  a number OE requirements tha t  a r e  e s s e n t i a l  t o  the simulation of a 
crash event ( f i g .  4 ) .  Although these requirements involve severa l  areas,  the most 
obvious 
0 
0 
0 
0 
are:  
A theory t h a t  t r e a t s  the large e l a s t i c - p l a s t i c  deformation associated w i t h  
crushing of s t r u c t u r a l  members including s t r a i n - r a t e  eEfects where applicable 
The techniques €or nonlinear boundary conditions required t o  simulate i n t e r -  
nal  contact/rebound between s t r u c t u r a l  par t s  or  between s t r u c t u r e  a n d  a 
b a r r i e r  or contactor 
A capabi l i ty  t o  model a var ie ty  of s t r u c t u r a l  types, typ ica l  of a i r c r a f t ,  and 
automotive s t ructures  
Accurate and e f f i c i e n t  numerical techniques f o r  in tegra t ing  the  nonlinear 
equations of motion 
These requirements include a l l  of the  areas t h a t  a re  the subject  of current  re- 
search i n  computational mechanics. However, methods to  t r e a t  the e s s e n t i a l  features  
of a l l  of these requirements have reached a s u f f i c i e n t  leve l  of maturity t o  be imple- 
mented i n t o  a code €or crash simulation. As such, techniques t h a t  account f o r  the 
e s s e n t i a l  features  of each of the above s t a t e d  requirements have been incorporated 
i n t o  our DYCAST code. 
0 Large elastic-plastic deformation wi th  fa i lure 
0 Variable contact/rebound 
0 Modelling capability for variety of s t ructura l  types 
0 Accurate and efficient numerical  techniques 
Figure 4. Essential  requirements of s t ruc ture  
crash simulation. 
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DYCAST is a n o n l i n e a r  s t r u c t u r a l  dynamic f i n i t e - e l e m e n t  computer code t h a t  
s t a r t e d  from t h e  p l a n s  system of f i n i t e - e l e m e n t  programs f o r  s t a t i c  n o n l i n e a r  s t r u c -  
t u r a l  a n a l y s i s  ( f i g .  5 ) .  It  w a s  o r i g i n a l l y  developed f o r  a i r c r a f t  c r a s h  a n a l y s i s  
w i t h  p a r t i a l  s u p p o r t  by N A S A  Langley. 
The e q u a t i o n s  of motion used i n  DYCAST are developed w i t h i n  t h e  framework of t h e  
f i n i t e - c l e m e n t  method and are based on t h e  updated Lagrangian f o r m u l a t i o n  f o r  geomet- 
r i c  n o n l i n e a r i t y  and a n  i n c r e m e n t a l  p l a s t i c i t y  t h e o r y  for material n o n l i n e a r i t y .  
The updated Lagrangian approach is p a r t i c u l a r l y  e f f e c t i v e  €or t h e  n o n l i n e a r  
problem a s s o c i a t e d  w i t h  c r a s h  s i m u l a t i o n  u s i n g  beam, membrane, and p l a t e  elements  . 
This is  because l a r g e  shape  changes due t o  the  p r o g r e s s i v e  c r u s h i n g  and f o l d i n g  of 
t h e  s t r u c t u r e  are accounted €or by s u c c e s s i v e  u p d a t i n g  of the  nodal  c o o r d i n a t e s .  The 
n o n l i n e a r i t i e s  due t o  t h e  i n t e r n a l  loads  ( f o r  example, t h e  change i n  s t i f f n e s s  due t o  
the "beam column e f f e c t " )  are i n c l u d e d  s o  t h a t  compressive forces dominant i n  a crash 
e v e n t  w i l l  a c t  through t h e  geometr ic  n o n l i n e a r i t i e s  t o  reduce t h e  s t i f f n e s s  of t h e  
s t r u c t u r e .  
The f o l l o w i n g  f i g u r e  o u t l i n e s  t h e  e s s e n t i a l  f e a t u r e s  of DYCAST. Our i n t e n t  i n  
p r e s e n t i n g  t h e s e  f e a t u r e s  is  t o  i n d i c a t e  our  view of t h e  necessary  minimum r e q u i r e -  
ments € o r  c r a s h  a n a l y s i s .  
0 Material nonl inear i ty  
I ncremental plasticity theory 
W o n  Mises yield cr i ter ion 
Kinematic hardening 
Element maximum strain fa i lure cr i ter ion 
Subincremental strategy 
Geometric nonl inear i ty  
Updated Lagrangian 
Figure  5. DYCAST - Dynamic crash a n a l y s i s  of s t r u c t u r e s .  
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The governing m a t r i x  e q u a t i o n  f o r  t h e  updated Lagrangian f o r m u l a t i o n  is: 
Equat ion 1 is t h e  l i n e a r i z e d  e q u a t i o n  of motion between a known e q u i l i b r i u m  
s t a t e ,  denoted by t, and a n  unknown e q u i l i b r i u m  s t a t e ,  denoted by t + A t ,  incremen- 
t a l l y  a d j a c e n t  t o  it. It e x p l i c i t l y  c o n t a i n s  terms t h a t  r e f l e c t  t h e  c u r r e n t  m a t e r i a l  
s t a t e ,  and n o n l i n e a r i t i e s  from t h e  s t r a i n  displacement  r e l a t i o n s .  
The q u a n t i t i e s  i n  e q u a t i o n  1 are d e f i n e d  as fo l lows:  { i j } t + A t ,  { A U I t + A t  a r e  t h e  
unknown a c c e l e r a t i o n s  and d isp lacement  increments ,  [MI , [KTl, [KGl are t h e  mass, 
t a n g e n t  s t i f f n e s s ,  and i n i t i a l  stress s t i f f n e s s  m a t r i c e s ,  r e s p e c t i v e l y ,  and 
{F)t ,  {P}t+At are t h e  known i n t e r n a l  and e x t e r n a l  f o r c e s  a t  t h e  t i m e  denoted by 
t h e i r  s u b s c r i p t s .  
The m a t r i x  [KTl i s  a f u n c t i o n  of t h e  material behavior  and  t h e r e € o r e  e x p l i c i t l y  
c o n t a i n s  t h e  p l a s t i c i t y  theory  implemented i n  t h e  code. We have implemented t h e  
Prager -Ziegler  k i n e m a t i c  hardening  t h e o r y  based on t h e  Von Elises-Hi11 y i e l d  c r i t e r i o n  
f o r  o r t h o t r o p i c  (and i s o t r o p i c )  materials and used a n  e € f e c t i v e  s t r e s s - s t r a i n  rela- 
t i o n  f o r  m u l t i a x i a l  stress s ta tes .  P o s t y i e l d  behaviors  can be e i t h e r :  no s t r a i n  
hardening  (per€ect p l a s t i c i t y ) ,  l i n e a r  hardening ,  o r  n o n l i n e a r  hardening.  Addition- 
a l l y ,  a m u l t i s t e p  s u b i n c r e m e n t a l  s t r a t e g y  has  been employed t o  e n s u r e  t h a t  t h e  
p l a s t i c  c o n s t i t u t i v e  e q u a t i o n s  embodied i n  [KTl are never  v i o l a t e d .  
Assuming c o n t i n u i n g  and u n l i m i t e d  e las t ic  or p l a s t i c  deformat ion  i n  a crash s i m -  
u l a t i o n  is e q u i v a l e n t  t o  assuming t h a t  d s t r u c t u r a l  e lement  w i l l  d i s s i p a t e  u n l i m i t e d  
energy as it deforms a l o n g  a p a r t i c u l a r  load-deformation pa th .  Obviously t h i s  can 
o v e r p r e d i c t  t h e  energy t h a t  can  be d i s s i p a t e d  s i n c e  a c t u a l  m a t e r i a l s  w i l l  f a i l  a t  
some maximum deformation.  To accommodate t h i s  behavior ,  maximum s t r a i n  f a i l u r e  c r i -  
t e r i a  have been implemented i n  o u r  m a t e r i a l  model. Once t h e s e  c r i t e r i a  are  s a t i s f i e d  
a t  a p o i n t ,  t h e  s t i f f n e s s  and f o r c e  c o n t r i b u t i o n s  a t  t h a t  p o i n t  are d e l e t e d .  Vhen a 
s p e c i f i e d  se t  of such  p o i n t s  i n  a n  element  has reached i ts  f a i l u r e  s t r a i n ,  t h e  e le-  
ment 's  s t i f f n e s s  and f o r c e  c o n t r i b u t i o n  t o  e q u a t i o n  (1 is  n o t  assembled. P r o v i s i o n  
h a s  a l s o  been made t o  d e l e t e  e lements  manually based on some o t h e r  f a i l u r e  c r i t e r i o n  
or on e n g i n e e r i n g  judgment. (F ig .  6.) 
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A t  a n  e a r l y  s t a g e ,  i t  w a s  clear t h a t  w e  s h o u l d  implement  a v a r i a b l e  time s t e p  
i n t e g r a t o r ,  i .e.,  one  t h a t  e n a b l e s  t h e  time s tep  t o  be changed  a t  d i f f e r e n t  i n s t a n t s  
o f  t h e  response. Such a p r o c e d u r e  h a s  obv ious  a d v a n t a g e s  o v e r  one w i t h  a c o n s t a n t  
s tep,  p a r t i c u l a r l y  i n  complex problems a r i s i n g  i n  pract ical  a p p l i c a t i o n  where s y s t e m  
n o n l i n e a r i t i e s  a n d  dynamic r e s p o n s e  a re  v a r y i n g  c o n t i n u o u s l y  t h r o u g h o u t  t h e  h i s t o r y .  
Our e x p e r i e n c e  h a s  i n d i c a t e d  t h a t  t h i s  i s  p a r t i c u l a r l y  t r u e  f o r  c r a s h  s i m u l a t i o n .  
Variable time s t e p  i n t e g r a t o r s  of  b o t h  t h e  e x p l i c i t  a n d  implici t  t y p e  have  been  
implemented  i n  DYCAST. These are t h e  exp l i c i t  Modi f i ed  Adams and t h e  impl ic i t  
Newmark-Beta a n d  Wilson-Theta  methods. An e x p l i c i t  c o n s t a n t  s t e p  c e n t r a l  d i f f e r e n c e  
i n t e g r a t o r  i s  a l so  a v a i l a b l e ,  as w e l l  as s t a t i c ,  b i f u r c a t i o n  b u c k l i n g ,  and  f r e e  
v i b r a t i o n  o p t i o n s .  
Implemen ta t ion  of i m p l i c i t  i n t e g r a t i o n  i n  DYCAST is  as f o l l o w s :  The t e c h n i q u e  
u s e d  s o l v e s  e q u a t i o n  ( 1 )  a t  e a c h  s t ep  subject  t o  t h e  i n t e g r a t o r  r e c u r r e n c e  r e l a t i o n s  
a n d  t h e n  pe r fo rms  i t e r a t i o n s  of  t h e  m o d i f i e d  Newton t y p e  b a s e d  on a n  imba lanced  f o r c e  
s temming f rom errors i n  s a t i s f y i n g  t h e  e q u a t i o n  of  motion. 
A v a r i a b l e  time s t ep  p r o c e d u r e  is d e f i n e d  by r e q u i r i n g  t h a t  t h e  number of 
i t e r a t i o n s  i n  e a c h  t i m e  s tep be less t h a n  a p r e s c r i b e d  v a l u e .  If t h i s  c r i t e r i o n  i s  
v i o l a t e d ,  t h e  t i m e  s t e p  is ha lved .  Conver se ly ,  i f  t h e  s o l u t i o n  conve rges  i n  one  
i t e r a t i o n  f o r  a p r e s c r i b e d  number of c o n s e c u t i v e  steps t h e  t i m e  s t ep  is  i n c r e a s e d .  
An u p p e r  bound f o r  t h e  time s t e p  is  a l s o  s p e c i E i e d .  
I n  o u r  S n i t i a l  work, w e  u s e d  t h e  e x p l i c i t  m o d i f i e d  Adam i n t e g r a t o r  e x c l u s i v e l y .  
However, w e  q u i c k l y  found  t h a t  t h e  admissible time s t e p  f o r  a nonuni form mesh N i t h  
beam, p la te  membrane e l e m e n t s ,  and  n o n l i n e a r  s p r i n g s  was u n r e a s o n a b l y  small. Conse- 
q u e n t l y ,  o u r  c u r r e n t  a c t i v i t i e s  are associated a l m o s t  e x c l u s i v e l y  w i t h  t h e  i m p l i c i t  
i m p l e m e n t a t i o n .  Our e x p e r i e n c e  i n  what  w e  d e s c r i b e  a s  modera te  s i z e d  problems of  
1500 d e g r e e s  of  f reedom (DOF) or less h a s  l e d  t o  a p r e f e r e n c e  of t h e  i m p l i c i t  method 
i n  t h i s  problem class because s o l u t i o n  time per i n c r e m e n t  i s  d i v i d e d  almost e q u a l l y  
be tween  e l e m e n t  l e v e l  c a l c u l a t i o n s  and  g l o b a l  s o l u t i o n  of a m a t r i x  e q u a t i o n .  As t h e  
number of  d e g r e e s  of f reedom i n c r e a s e ,  t h e  s o l u t i o n  of t h e  g l o b a l  m a t r i x  e q u a t i o n  
b e g i n s  t o  dominate .  Some l a t e r  f i g u r e s  show examples  of some t y p i c a l  c a l c u l a t i o n s .  
E x p e r i e n c e  w i t h  v e c t o r  p r o c e s s i n g  (CRAY 1 or  CDC CYBER 2 0 5 )  h a s  e x t e n d e d  t h i s  d e g r e e -  
o f  -f reedom range .  
Resea rch  is c o n t i n u i n g  t h a t ,  h o p e f u l l y ,  w i l l  address t h e s e  i s s u e s  f u r t h e r  i n  
s u c h  areas as mixed e x p l i c i t - i m p l i c i t  i n t e g r a t i o n ,  s u b c y c l i n g ,  and  e lement-by-element  
s o l u t i o n  s t r a t e g i e s  t h a t  c a n  u t i l i z e  c o n c u r r e n t  p r o c e s s i n g .  (F ig .  7. ) 
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0 Implici t  
Variable t ime step 
Modified Newton iteration 
Newmark -p  
Explicit 
Modified Adams - variable step 
Central difference - constant step 
Figure  7. I n t e g r a t i o n  o f  equat ions  of motion. 
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Nonlinear spr ings  are useEul  t o  model t h e  crush behavior of components €o r  which 
da ta  are a v a i l a b l e  and whose behavior may be too complex t o  model otherwise (e.g., 
€o r  energy-absorbing devices ,  €o r  gap elements with va r i ab le  contact/rebound, f o r  
nonl inear  moment-rotation curves o€ co l l aps ing  beams, and f o r  var ious o the r  nonl in-  
ea r i t i e s  1. (Fig. 8 . )  
Nonlinear boundary conditions 
Con tact / r e  bou n d s i m u la t ed wi th  
special ''gap springs 
Contact element wi th simple f r ic t ion 
Figure 8. DYCAS'I - Dynamic c rash  ana lys i s  o f  structures.  
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The c a p a b i l i t i e s  ou t l i ned  r ep resen t  t h e  e s s e n t i a l  requirements f o r  a c ra sh  simu- 
l a t i o n .  There a r e  o the r  requirements t h a t  can be descr ibed as  ope ra t iona l  f e a t u r e s  , 
which never the less ,  a r e  e s s e n t i a l  t o  t h e  performance of a s imula t ion  i n  an e f f i c i e n t  
and t i m e l y  manner. The most important of t hese  i s  an e f f i c i e n t l y  designed res tar t  
procedure. 
c a p a b i l i t y  enables  an a n a l y s t  t o  per forv  a crash  ana lys i s  i n  manageable time segments 
and t o  examine in te rmedia te  r e s u l t s  t o  s e e  i f  they appear neaningful before  dec id ing  
i f  the  ana lyz is  should be continued. 
In  keeping with t h e  path dependent na ture  of nonl inear  a n a l y s i s ,  t h i s  
Adjunct t o  t h i s  is t h e  manner used t o  d i sp l ay  t h e  results.  Because the  volume 
of da ta  t h a t  is generated can e a s i l y  overwhelm an ana lys t ,  s e l e c t e d  summary t a b l e s  of 
r e s u l t s  along with g raph ica l  d i sp l ay  are important.  Postprocessing graphics  inc lude  
the  d isp lay  oE t he  deformed model a t  any t i m e  and p l o t  h i s t o r i e s  of displacements ,  
ve loc i ty ,  and a c c e l e r a t i o n  f o r  any  nodal degree of freedom. 
Access t o  the r e s t a r t  f i l e  by a p e r i p h e r a l  program t o  s e l e c t i v e l y  p r i n t  addi-  
t i o n a l  da t a  is a l s o  des i r ab le .  
Figures  9 through 1 2  show necessary process c o n t r o l  f o r  res ta r t  and some exam- 
p les  of postprocessing graphics .  
0 Stop, alter, restart,  postprocessing 
Response h i s to ry  
restar t  data 
Restart 
Postprocessing 
Satel l i te 
GRA f ix 
Deformed model 
motion histor ies 
Figure 9. DYCAST - process con t ro l .  
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Figure IO. Deformed nYCAST model r o l l  drop. 
Figure 1 1 .  Undeformed model. 
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Figure  12. Undeformed model. 
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Experience wi th  mathematical  c r a sh  s imula t ions  has shown t h a t ,  while  us ing  an 
adequate nonl inear  dynamic computer code i s  essent ia l ,  i t  i s  not  enough. The a n a l y s t  
must  a l s o  have some e x p e r t i s e  i n  t h e  a r t  of modelling t h e  s t r u c t u r e  f o r  t h e  nonl inear  
c rash  a n a l y s i s  i n  o rde r  t o  produce s u f f i c i e n t l y  accu ra t e  r e s u l t s  w i th in  an acceptab le  
t i m e  and c o s t  range. 
The t o t a l  c o s t s  of an a n a l y s i s  a r e  composed of t h e  l abor  involved i n  c r e a t i n g  
t h e  model and eva lua t ing  the  r e s u l t s  and t h e  c o s t s  of using the  computer. Although 
t h e  modelling l abor  c o s t  can be l a rge ,  it i s  r a r e l y  d iscussed  i n  t h e  t e c h n i c a l  l i t e r -  
a t u r e ,  probably because of i t s  v a r i a b i l i t y .  A f i r s t - t i m e  f u l l - v e h i c l e  f in i t e - e l emen t  
model could r e q u i r e  from one t o  f o u r  man-months of e f f o r t  t o  prepare  and v e r i f y ,  
depending on f a c t o r s  such a s  t h e  convenience of t h e  veh ic l e  geometry da ta  ( d i g i t a l  
d a t a  base o r  drawings on p a p e r ) ,  t h e  u s e  of computer graphics ,  and t h e  experience of 
t h e  personnel .  I n  any case, modelling l abor  c o s t s  are dependent on t h e  model s i z e  
and complexity ( q u a n t i t y  of nodes , elements , and DOF 1. However, a f t e r  p repa ra t ion  
and v e r i f i c a t i o n  of t h e  f in i te -e lement  model i s  complete, it can be modified e a s i l y ,  
a t  small c o s t ,  enabl ing  t h e  i n v e s t i g a t i o n  of t h e  e f f e c t s  of s t r u c t u r a l  modif icat ions.  
The computat ional  c o s t s  are dependent on model s i z e  and complexity. I f  i t  were 
" t h e  b e s t  of a l l  p o s s i b l e  worlds" w e  might produce a model a s  shown i n  f i g u r e  13 f o r  
t he  c rash  a n a l y s i s  of a n  automobile. This is the  type  of model f r equen t ly  used f o r  
l i n e a r  ana lys i s .  Because of t h e  l i m i t a t i o n  of c u r r e n t  computers, a nonl inear  dynamic 
a n a l y s i s  of t h i s  type  of model is c u r r e n t l y  no t  f e a s i b l e .  However, t o  do s o  is  our 
goal!  
A t  t h e  p r e s e n t  t i m e  w e  cons ider  a nonl inear  veh ic l e  crash model of 1500 DOF t o  
be l a r g e  f o r  u s e  on even t h e  f a s t e s t  scalar computers such as t h e  IBM 370/3081 o r  
CYBER 760. From two t o  t e n  restarts could be requi red  t o  complete such a c ra sh  s imu-  
l a t i o n .  However, t h e  new vec tor  computers such as t h e  CRAY-1 and t h e  CYRER 205 a l low 
a t  least  a twofold t o  f o u r f o l d  i n c r e a s e  i n  o v e r a l l  computation speed coupled with 
increased  memory s i z e .  I n  t h e  f u t u r e ,  improvements i n  both sof tware  and hardware 
should  cont inue  t o  reduce computer expense t o  a l low more d e t a i l e d  models t o  be 
analyzed i n  sma l l e r  t i m e  per iods .  
Examples of computer time f o r  two r e p r e s e n t a t i v e  s t r u c t u r e s  f o r  our code a r e  
shown i n  Eigures 13  through 16. 
C 
Figure  13. Deta i led  f in i te -e lement  model of automobile. 
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Figure 14. Sca la r  versus  vec tor  computers-autos r e a r  impact. 
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Figure 15. S c a l a r  versus  vec tor  computer-helicopter drop. 
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f o r  matr ix  assembly and s o l u t i o n .  
I n  t h e  e a r l y  use  of n o n l i n e a r  f i n i t e - e l e m e n t  models f o r  c r a s h  a n a l y s i s ,  a p u r e l y  
t h e o r e t i c a l  approach was a t t e m p t e d  i n  which a l l  t h e  behavior  was modelled u s i n g  t h e  
f i n i t e  e lements .  However, i n  t h e  s o l u t i o n  of p r a c t i c a l  problems i n v o l v i n g  a c t u a l  
v e h i c l e  s t r u c t u r e s  , it q u i c k l y  became a p p a r e n t  t h a t  some h y b r i d  e lements  would be 
r e q u i r e d  i n  which t h e  u s e r  s p e c i f i e s  t h e  n o n l i n e a r  s t i f f n e s s  t h a t  is  d e r i v e d  e i t h e r  
from t e s t  d a t a  or a s e p a r a t e  a n a l y s i s .  I n  t h e  s i m p l e s t  c a s e  t h i s  would i n v o l v e  t h e  
model l ing of a s p e c i f i c  energy-absorbing component by a n o n l i n e a r  s p r i n g  w i t h  a u s e r -  
s p e c i f i e d  c r u s h  curve.  I n  t h e  more complex cases, t h e  c o l l a p s e  of a s e c t i o n  of 
s t r u c t u r e  c o u l d  be r e p r e s e n t e d  by a h y b r i d  element ,  e i t h e r  because t h e  c r u s h  t es t  
d a t a  were a l r e a d y  a v a i l a b l e  or because t h e  n o n l i n e a r  behavior  of a component would be 
s o  complex and s o  l o c a l i z e d  t h a t  it would r e q u i r e  t o o  much computa t iona l  e f f o r t  i n  a 
s m a l l  p a r t  of t h e  v e h i c l e .  
This  l e d  t o  a model l ing s t r a t e g y  i n  which w e  recognize  t h r e e  d i s t i n c t  b e h a v i o r a l  
zones i n  a v e h i c l e  s t r u c t u r e  when p r e p a r i n g  a n o n l i n e a r  Ein i te -e lement  model f o r  
c r a s h  a n a l y s i s .  These are  l i n e a r  behavior ,  moderately n o n l i n e a r  behavior ,  and ex- 
t remely  n o n l i n e a r  behavior  zones.  I n  t h e  l i n e a r  behavior  zones , no n o n l i n e a r  behav- 
i o r  i s  expec ted ,  and t h e s e  zones are modelled as lumped masses or a s  r i g i d  bodies  
wi th  f i n i t e  dimensions , or o c c a s i o n a l l y  with a s m a l l  number of deformable f i n i t e  
e lements .  I n  t h e  moderately n o n l i n e a r  zones,  p l a s t i c i t y ,  m a t e r i a l  f a i l u r e ,  and l a r g e  
d e f l e c t i o n s  are expec ted ,  b u t  t h e  l a r g e  deformations a r e  n o t  c o n f i n e d  t o  h i g h l y  
l o c a l i z e d  reg ions .  These zones a r e  r e p r e s e n t e d  by a d i s t r i b u t i o n  of n o n l i n e a r  f i n i t e  
e lements  i n  s u f f i c i e n t  q u a n t i t y  and of t h e  t y p e s  r e q u i r e d  t o  a l l o w  f o r  expec ted  modes 
of deformat ion  and f a i l u r e .  Here, t h e  a t t e m p t  i s  made t o  minimize t'ne complexi ty  
whi le  s t i l l  approximating a d e q u a t e l y  t h e  necessary  s t i f f n e s s e s .  I n  t h e  ex t remely  
n o n l i n e a r  zones l o c a l l y  l a r g e  deformations occur ,  such as: t h e  c o l l a p s e  o f  a t h i n -  
w a l l  hol low beam i n t o  a c c o r d i o n  bel lows -type f o l d s  , t h e  complete l o c a l  f l a t t e n i n g  of 
t h e  c r o s s  s e c t i o n  of a t h i n - w a l l  hollow beam t o  form a weak "hinge" a t  a bend, and 
t h e  c o l l a p s e  of a s h e e t  meta l  p a n e l  i n t o  very  s h o r t  waves of accord ion- type  f o l d s .  
The t h e o r e t i c a l l y  a c c u r a t e  model l ing of such components r e q u i r e s  a l a r g e  number of 
p la te  elements i n v o l v i n g  thousands of DOF f o r  each c o l l a p s e  zone. Tne added d e t a i l s  
of t h e s e  l o c a l  c o l l a p s e  models could  i n c r e a s e  t h e  a n a l y s i s  c o s t s  by o r d e r s  of magni- 
tude .  A p r a c t i c a l  approach f o r  t h e s e  components is t o  model them a s  s i m p l e  n o n l i n e a r  
s p r i n g  e lements  t h a t  requi re  a n  i n p u t  curve  of f o r c e  v e r s u s  d i sp lacement  OK moment 
versus  r o t a t i o n .  Thus, t h i s  l o c a l  h y b r i d  method r e q u i r e s  t h e  a n a l y s t  t o  s p e c i f y  t h e  
expec ted  n o n l i n e a r  behavior .  This  method's g r e a t  advantage i s  t h a t  on ly  one DOF i s  
added f o r  each such n o n l i n e a r  s p r i n g .  However, i f  the c o n v e n t i o n a l  h y b r i d  method is  
used,  t h e s e  n o n l i q e a r  c o l l a p s e  curves a r e  s p e c i f i e d  a p r i o r i  w i t h o u t  r e g a r d  t o  t h e  
i n t e r a c t i v e  e f f e c t s  of o t h e r  loads  a c t i n g  i n  combinat ion a t  t h e  c o l l a p s e  zone. S i n c e  
t h e s e  combined loads  can g r e a t l y  reduce t h e  c o l l a p s e  s t r e n g t h ,  they  s h o u l d  somehow be 
t a k e n  i n t o  account .  
I n  t h e  c a s e  of a c o l l a p s i n g  h i n g e  forming i n  a t h i n - w a l l  hol low beam, w e  have 
used a semiempirical i n t e r a c t i v e  method i n v o l v i n g  t h e  use  of n o n l i n e a r  r o t a r y  s p r i n g s  
imbedded between beam elements i n  a f u l l - v e h i c l e  model. The r o t a r y  s p r i n g s  a r e  a t  
f i r s t  r i g i d i z e d  and t h e  a n a l y s i s  u s i n g  DYCAST i s  begun. The beam e lements  i n d i c a t e  
t h e  i n s t a n t  when l a t e r a l  c o l l a p s e  begins  as a p l a s t i c  h inge  forms. The a n a l y s i s  i s  
t h e n  r e s t a r t e d  a t  an  ea r l i e r  t i m e  w i t h  a r e v i s e d  moment versus  r o t a t i o n  c u r v e  f o r  t h e  
r o t a r y  s p r i n g  element.  This  r e v i s e d  r o t a r y  s p r i n g  curve  rises t o  t h e  c o l l a p s e  mo- 
ment, t h e n  it decays r a p i d l y  wi th  i n c r e a s i n g  r o t a t i o n  angle .  The c o l l a p s e  moment, is 
de termined  i n t e r a c t i v e l y  by t h e  beam elements  i n  t h e  DYCAST a n a l y s i s ,  and t h e  shape  
of t h e  r o t a r y  s p r i n g  curve  i s  t a k e n  from t e s t  exper ience .  Typica l  r e s u l t s  wi th  t h i s  
method i n  a u t o  c r a s h e s  p r e d i c t  c o l l a p s e  moments of hol low beams i n  t h e  range of 10 t o  
50 p e r c e n t  of t h e  t h e o r e t i c a l  f u l l y  p l a s t i c  l i m i t  moment from bending a c t i n g  alone. 
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This reduced peak moment i s  p r imar i ly  caused by t h e  presence of a l a rge  compressive 
fo rce  i n  the  beam, a c t i n g  toge ther  with t h e  hinge moment, al though the  o the r  moments 
also have an e f f e c t .  (Fig.  17. 
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Figure 17. Behavior zone c h a r a c t e r i s t i c s .  
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A r e p r e s e n t a t i v e  a l l -composi te  f u s e l a g e  c a b i n  s e c t i o n  was designed,  b u i l t ,  and 
c r a s h - t e s t e d  by B e l l  H e l i c o p t e r  and ana lyzed  by Grumman u s i n g  t h e  DYCAST code. Two 
s e p a r a t e  f u s e l a g e s  were b u i l t .  One f u s e l a g e  was t e s t e d  i n  a f l a t  d rop  a t  30 €t/sec 
(9.1 m/sec) v e r t i c a l  v e l o c i t y  o n t o  B f l a t ,  r i g i d  s u r r a c e ,  and t h e  o t h e r  i n  a 20-deg 
r o l l e d  a l t i t u d e  under  t h e  same c o n d i t i o n s .  F in i te -e lement  models of t h e s e  two t e s t  
cases w e r e  p r e p a r e d  f o r  a n a l y s i s  by DYCAST, and t h e  r e s u l t s  w e r e  compared t o  t h o s e  of 
t h e  tests . 
The f u s e l a g e  s e c t i o n  ( f i g .  1 8 )  was a s t r u c t u r e  composed of s o l i d  and sandwich 
p a n e l s  made of epoxy r e s i n  r e i n f o r c e d  by cont inuous f i b e r s  of g r a p h i t e ,  Revlar ,  and 
g l a s s .  The pr imary energy-absorbing s t r u c t u r e  w a s  t h e  honeycomb sandwich p a n e l s  
forming t h e  v e r t i c a l  webs o f  t h e  s u b f l o o r  beams and bulkheads a t  t h e  rear t h i r d  of 
t h e  f u s e l a g e  under t h e  f u e l ,  passengor ,  and t r a n s m i s s i o n  masses. A d d i t i o n a l  amounts 
of such  v e r t i c a l  sandwich material were p l a c e d  i n  t h e  forward s u b f l o o r  forming t h e  
t r a n s v e r s e  bulkhead under  t h e  c r e w  masses. The e n t i r e  t e s t  a r t i c l e  weighed 3530 l b  
(1600 k g ) ,  of which only  462 lb (210  k g )  w a s  f o r  t h e  s t r u c t u r e  and t h e  remainder was 
from t h e  added masses ( t r a n s m i s s i o n ,  f u e l ,  crew, passengers  , s e a t s  , b a l l a s t ,  cameras , 
and w i r i n g  1. 
The f u l l  c a b i n  f i n i t e - e l e m e n t  model i s  shown i n  f i g u r e  19. For t h e  € l a t  drop 
case, only  t h e  l e f t  h a l f  of t h e  f u s e l a g e  model w a s  used i n  accordance wi th  t h e  
symmetry of t h e  s t r u c t u r e  and t h e  impact  c o n d i t i o n s .  The €ull s t r u c t u r e  model was 
used f o r  t h e  case of t h e  impact  of t h e  20-deg r o l l e d  a t t i t u d e .  
The s t r u c t u r e  w a s  modelled w i t h  a combinat ion of n o n l i n e a r  s p r i n g s ,  o r t h o t r o p i c  
membrane t r i a n g l e s  , s t r i n g e r s  , and beam elements .  Nonlinear  c r u s h  s p r i n g s  w e r e  
v e r t i c a l l y  o r i e n t e d  w i t h i n  t h e  s t r u c t u r e  t o  r e p r e s e n t  t h e  c r u s h  behavior  of t h e  
subf  l o o r  v e r t i c a l  p a n e l s  of bo th  t h e  energy-absorbing sandwich and t h e  nonabsorhing 
( b r e a k a b l e )  type .  Nonl inear  gap s p r i n g s  c o n t r o l l e d  t h e  impact  and rebounded a t  t h e  
r i g i d  ground surface. 
The f l a t  drop model c o n t a i n e d  276 nodes, 716 e lements ,  and 587 DOF and r e q u i r e d  
50 msec of e v e n t  t i m e ,  241 t i m e  s t e p s ,  and 43 CPU mins on a n  IBM 370/3033 computer. 
F i g u r e  20 shows a comparison of c e r t a i n  v e r t i c a l  a c c e l e r a t i o n s  f o r  t h e  DYCAST 
a n a l y s i s  and f o r  t h e  t e s t .  The a c c e l e r a t i o n  p r e d i c t i o n s  were g e n e r a l l y  i n  good 
agreement w i t h  t h e  t e s t  da ta .  The maxinum p r e d i c t e d  c r u s h  deformat ion  of 4.4 i n .  
(112 m m )  i n  t h e  s u b f l o o r  s t r u c t u r e  w a s  approximately 1 5  percent greater  than t h a t  
measured i n  t h e  tes t .  I n  a d d i t i o n ,  t h e  deformat ion  modes of t h e  a n a l y s i s  agreed  very 
w e l l  w i t h  t h o s e  of t h e  test .  
The 20-deg r o l l  model c o n t a i n e d  504 nodes,  1470 e lements ,  and 1431 DOF. It used  
60 msec of e v e n t  t i m e ,  760 t i m e  increments ,  and 450 CPU mins on a n  IBM 370/3033 com- 
p u t e r .  The i n c r e a s e  by a f a c t o r  of 10 i n  t h e  CPU t i m e  f o r  t h e  r o l l e d  impact  compared 
t o  t h e  f l a t  impact  was caused p a r t l y  by t h e  doubl ing  of t h e  model and p a r t l y  by t h e  
smaller t i m e  s t e p  r e q u i r e d  t o  f o l l o w  some h i g h l y  n o n l i n e a r  local  behavior .  
A sampling of t h e  d a t a  f o r  t h e  20-deg r o l l  case is  shown i n  f i g u r e  21. The 
f r o n t  view of t h e  deforming s t r u c t u r e  ( f i g .  22) shows t h e  c r u s h  of t h e  lower l e f t  
s u b f l o o r ,  t h e  r o t a t i o n  of t.he f u s e l a g e  a b o u t  t h e  impact  p o i n t ,  and t h e  l a c k  of d i s -  
t o r t i o n  i n  t h e  upper  bulkheads.  This  f i g u r e  does show a d i s t o r t i o n  of t h e  t r a n s m i s -  
s i o n  mounting f i x t u r e s ,  caused by t h e  i n e r t i a l  r e s i s t a n c e  of t h e  t r a n s m i s s i o n  mass t o  
t h e  s ideward  a c c e l e r a t i o n  of t h e  roof when t h e  v e h i c l e  was r o t a t i n g .  The p r e d i c t e d  
maximum v e r t i c a l  c r u s h  of 6.1 i n .  (155 m m )  i n  t h e  s u b f l o o r  was approximate ly  10 p e r -  
c e n t  less t h a n  t h a t  of t h e  tes t .  The p r e d i c t e d  a c c e l e r a t i o n s  showed a mixed 
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FINITE-ELEMENT MODEL FOR 200 ROLL DROP 
F i g u r e  19. F i n i t e - e l e m e n t  model f o r  20O r o l l  drop. 
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F i q u r e  21. Front  view of roll drop model. 
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Figure 23. V e r t i c a l  a c c e l e r a t i o n s  €or  r o l l  drop. 
correspondence  wi th  t h e  t e s t  data.  The l e f t  crew mass a c c e l e r a t i o n  a g r e e s  w e l l  w i th  
t h e  test d a t a ,  b u t  t h e  l e f t  pas senge r  mass peak a c c e l e r a t i o n  i s  o v e r p r e d i c t e d  by a 
f a c t o r  of 2 ( f i g .  23) .  
F i g u r e s  24 through 27 o u t l i n e  a f r o n t  bar r ie r  impact of a n  e a r l y  p r o t o t y p e  ver-  
s i o n  of t h e  1984 C h e v r o l e t  C o r v e t t e ,  a two-seat f r o n t  eng ine  sports  car w i t h  a s t e e l  
frame, and a f i b e r g l a s s  r e i n f o r c e d  p l a s t i c  body s h e l l .  F i g u r e  2 5  shows t h e  s t e e l  
frame €or t h e  ana lyzed  v e h i c l e ,  and i t  s h o u l d  be noted  t h a t  t h e  p r o d u c t i o n  v e h i c l e ' s  
f rame i s  s i g n i f i c a n t l y  d i f f e r e n t ,  s o  t h a t  t h e  d i s c u s s i o n  h e r e  p e r t a i n s  on ly  t o  t h e  
e a r l y  p r o t o t y p e  and  n o t  t o  t h e  f i n a l  p roduc t ion  v e h i c l e .  
The th ree -d imens iona l  f i n i t e - e l e m e n t  model i nvo lved  on ly  t h e  l e f t  h a l f  of t h e  
car t o  t a k e  advantage  of t h e  symmetry. The s t r u c t u r e  was modelled a l l  t h e  way t o  t h e  
rear because it w a s  a n t i c i p a t e d  t h a t  t h e  engine  and d r i v e l i n e  would become a major 
load p a t h  t o  t h e  rear of t h e  frame ( f i g s .  26 and 2 7 ) .  
The f i n i t e - e l e m e n t  model i n c l u d e d  t h e  frame, p l u s  t!?e o t h e r  s t r u c t u r e  ( eng ine  
bulkhead,  f r o n t  f l o o r ,  e tc .  1 , d r i v e l i n e ,  and mechanical par ts  d e s c r i b e d  p r e v i o u s l y .  
The E i b e r g l a s s  body w a s  n o t  modelled because ,  i n  t h e  p rev ious  a u t o  c r a s h  a n a l y s i s ,  
t h e  f i b e r g l a s s  body absorbed a n e g l i g i b l e  amount ( less t h a n  5 p e r c e n t )  of  t h e  t o t a l  
k i n e t i c  energy.  
The model u sed  157 nodes, 220 e lements ,  and 597 DOF. The e lements  i n c l u d e d  
98  beams, 63 membranes, 12  s t r i n g e r s ,  and 47 n o n l i n e a r  s p r i n g s .  
One comple te  s i m u l a t i o n  of 100 m s  consumed 200 min of CPU time on a n  IBM 
370/3033 computer sys tem,  r e q u i r e d  2000 t i m e  s teps  u s i n g  t h e  Ilewmark-Beta i m p l i c i t  
method, and  w a s  performed i n  f o u r  consecu t ive  o v e r n i g h t  segments u s i n g  res ta r t .  
A complete d i s c u s s i o n  of t h i s  a n a l y s i s  i s  found i n  r e f e r e n c e  1. Conclus ions  
are found i n  f i g u r e  28.  
F i g u r e  24.  1984 Chevro le t  Corvette. 
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Figure 25. Welded s t e e l  frame of prototype. 
TIRENHEEL CRUSH/ 
Figure 26. Side view of finite-element model. 
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F i g u r e  27. Top view of f i n i t e - e l e m e n t  model. 
Full vehicle f in i te element analysis is cu r ren t l y  
feasible but  requires expertise in modelling " a r t "  
Future goals (o r  wishfu l  t h ink ing )  
zones in full vehicle model 
I nclude detailed model of extremely nonl inear  
.Same f ine model for l inear and nonl inear  analysis 
F i g u r e  28 .  C o n c l u s i o n s .  
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APPLICATION AND IMPLEMENTATION OF TRANSIENT 
ALGORITHMS IN COMPUTER PROGRAMS* 
David J. Benson 
U n i v e r s i t y  o f  C a l i f o r n i a ,  Lawrence L ivermore  Na t iona l  Labora to ry  
L i  vermore, C a l  i f o r n i a  
INTRODUCTION 
T h i s  p r e s e n t a t i o n  g i ves  a b r i e f  i n t r o d u c t i o n  t o  t h e  n o n l i n e a r  f i n i t e  e l e -  
ment programs developed a t  Lawrence L ivermore  Na t iona l  Labora to ry  by t h e  
Methods Development Group i n  t h e  Mechanical Eng ineer ing  Department. The f o u r  
programs a r e  DYNA3D and DYNAZD, which a r e  e x p l i c i t  hydrocodes, and NIKE3D and 
NIKEZD, which a r e  i m p l i c i t  programs. A l l  of these programs were o r i g i n a l l y  
developed by John H a l l q u i s t  i n  a s s o c i a t i o n  w i t h  David Benson. 
T h i s  p r e s e n t a t i o n  concent ra tes  on DYNA3D w i t h  as ides about t h e  o t h e r  p ro -  
grams. D u r i n g  t h e  pas t  y e a r  severa l  new fea tures  were added t o  DYNA3D, and 
major  improvements were made i n  t h e  computat ional  e f f i c i e n c y  o f  t h e  s h e l l  and 
beam elements. Most o f  these new fea tu res  and improvements w i l l  e v e n t u a l l y  
make t h e i r  way i n t o  t h e  o t h e r  programs. 
has no t  been re leased y e t ,  i t  should be a v a i l a b l e  w e l l  be fore  t h e  end o f  t h e  
year .  
A l though t h e  l a t e s t  v e r s i o n  o f  DYNA3D 
The emphasis i n  our  computat ional  mechanics e f f o r t  has always been, and 
cont inues  t o  be, e f f i c i e n c y .  A l though t h e  supercomputers of today  a r e  a lmost  
u n b e l i e v a b l y  f a s t ,  a l a r g e  n o n l i n e a r  f i n i t e  element a n a l y s i s  i s  s t i l l  supe- 
r i o r .  To ge t  t h e  most ou t  o f  our  Cray supercomputers, we have v e c t o r i z e d  t h e  
programs as much as poss ib le .  V e c t o r i z a t i o n  i s  n o t  enough, however, so we 
must always cons ide r  t h e  e f f i c i e n c y  o f  every a l g o r i t h m  we implement. The ne t  
r e s u l t  o f  our  e f f i c i e n c y  c r i t e r i o n  i s  we a r e  r e s t r i c t e d  t o  o n l y  t h e  s i m p l e s t  
elements and a lgo r i t hms .  A l l  o f  our  elements have l i n e a r  shape func t i ons .  We 
use r a d i a l  r e t u r n  i n s t e a d  o f  a subincrementa l  method f o r  our  p l a s t i c i t y  c a l -  
c u l a t i o n s .  Our e x p l i c i t  codes use o n l y  reduced i n t e g r a t i o n  w i t h  v iscous  hour-  
g l a s s  c o n t r o l .  
convergence. 
Our i m p l i c i t  programs use quasi-Newton methods t o  speed 
I n  t h e  remainder o f  t h e  p resen ta t i on ,  seve ra l  o f  t h e  more i n t e r e s t i n g  
c a p a b i l i t i e s  o f  DYNA3D w i l l  be descr ibed and t h e i r  impact on e f f i c i e n c y  w i l l  
be discussed. Some o f  t h e  recent  work on NIKE3D and N I K E i l O  w i l l  a l s o  be pre-  
sented. I n  t h e  b e l i e f  t h a t  a s i n g l e  example i s  wor th  a thousand equat ions,  we 
a r e  s k i p p i n g  t h e  t h e o r y  e n t i r e l y  and go ing  d i r e c t l y  t o  t h e  examples. 
*Work performed under t h e  auspices o f  t h e  U.S. Department o f  Energy 
by t h e  Lawrence L i  vermore Na t iona l  Labora tory  under c o n t r a c t  number 
W-7405-Eng-48. 
ELEMENTS 
DYNA3D has t h r e e  elements: an e i g h t  node hexahedron, a f o u r  node s h e l l  
and a two node beam. The s h e l l  and beam elements a r e  based on t h e  formula- 
t i o n s  o f  Hughes and L i u  ( r e f .  1 ) .  A l l  o f  t h e  elements except t h e  beam use 
reduced i n t e g r a t i o n  w i t h  v iscous hourg lass c o n t r o l .  Large s t r a i n s  and l a r g e  
deformat ions are  assumed f o r  a l l  of t h e  elements. On t h e  Cray-1, t h e  elements 
r e q u i r e  about t h i r t y - f i v e  microseconds per  i n t e g r a t i o n  p o i n t  f o r  a s imple con- 
s t i t u t i v e  model, such as t h e  s tandard J2 p l a s t i c i t y  model w i t h  i s o t r o p i c  and 
k inemat ic  hardening. The s h e l l  and beam models were o n l y  r e c e n t l y  vec tor ized .  
The o r i  g i  na l  imp1 ementat i on of t h e  she? 1 element requ i  red 16000 microseconds 
per  element, which made i t  unusable. V e c t o r i z a t i o n  a lone does no t  account f o r  
t h e  dramat ic  inc rease i n  t h e  speed o f  t h e  s h e l l  element. 
Suzuki p rov ided us w i t h  t h e  s t r u c t u r a l  da ta  f o r  a frame member 
chass is  a long w i t h  t h e i r  exper imenta l  r e s u l t s  f rom a 30km/hr impact 
b a r r i e r .  
o f  a c a r  
i n t o  a 
Our s i m u l a t i o n  o f  t h e i r  experiment used a mesh of 1600 s h e l l  e emonts. 
The frame member i s  t i e d  a t  each end t o  a r i g i d  body. 
sents  t h e  b a r r i e r ,  and t h e  o t h e r  represents  t h e  s l e d  which prov ided t h e  
momentum t o  crush t h e  frame. 
w i t h  i s o t r o p i c ,  l i n e a r  s t r a i n  hardening. U n f o r t u n a t e l y ,  t h e  exper imenta l  
s t r e s s - s t r a i n  da ta  i n d i c a t e  t h a t  t h e  m a t e r i a l  does n o t  s t r a i n  harden l i n e a r l y ,  
and we b e l i e v e  t h a t  much o f  t h e  e r r o r  we see i n  our s i m u l a t i o n  i s  t h e  r e s u l t  
o f  t h e  l i n e a r  s t r a i n  hardening. We a r e  going t o  modi fy  t h e  m a t e r i a l  model t o  
t a k e  i n t o  account t h e  n o n l i n e a r i t y  and r e r u n  t h e  a n a l y s i s  i n  t h e  near f u t u r e .  
One r i g i d  bo y reqre-  
The c o n s t i t u t i v e  model i s  t h e  usual J2  model 
The experiment l a s t s  t h i r t y - f i v e  m i l l i s e c o n d s .  On t h e  Cray-XMP/48, 
DYNA3D uses a l i t t l e  over f o u r  hours o f  CPU t o  s i m u l a t e  t h e  e n t i r e  event. The 
peak d e c e l e r a t i o n ,  an impor tan t  number t o  chass is  des igners,  which occurs a t  
o n l y  f i v e  m i l l i s e c o n d s ,  can be c a l c u l a t e d  i n  l e s s  than h a l f  an hour o f  CPU. 
The r e s u l t s  o f  our  a n a l y s i s  matched t h e  peak d e c e l e r a t i o n  almost e x a c t l y ,  
b u t  t h e  d u r a t i o n  o f  t h e  peak was t o o  shor t .  We b e l i e v e  t h a t  t h e  d iscrepancy 
was caused by e i t h e r  t h e  p r e v i o u s l y  mentioned simp1 i f i c a t i o n  of t h e  m a t e r i a l  
model o r  t h e  2000Hz f i l t e r  t h a t  Suzuki used on t h e i r  data. 
Based on good accuracy o f  our r e s u l t s  and t h e i r  reasonable cost ,  we 
b e l i e v e  t h a t  f i n i t e  element a n a l y s i s  should no l o n g e r  be regarded as s t r i c t l y  
a research t o o l  i n  crashworth iness design, b u t  as a t o o l  f o r  t h e  des igner .  
CONTACT, IMPACT, AND F R I C T I O N  
The c o n t a c t  and impact a l g o r i t h m s  have l o n g  been among t h e  s t r o n g e s t  
p o i n t s  o f  DYNA3D. The p e n a l t y  approach i s  used i n  bo th  t h e  two and t h r e e  
dimensional  vers ions  o f  DYNA. A d i s t r i b u t e d  parameter approach i s  a l s o  
a v a i l a b l e  i n  DYNA2D based on t h e  a l g o r i t h m s  developed by o thers  f o r  HEMP, 
TENSOR, and TOODY. Aside f rom t h e  obvious s i m p l i c i t y  of t h e  p e n a l t y  approach 
i n  comparison w i t h  t h e  d i s t r i b u t e d  parameter approach, t h e  major advantages o f  
t h e  p e n a l t y  method a r e  t h a t  i t  i s  symmetric and t h a t  i t  does n o t  e x c i t e  hour-  
g l a s s i n g  modes as much as t h e  d i s t r i b u t e d  parameter approaches. 
s t i f f n e s s  f o r  t h e  p e n a l t y  method i s  a u t o m a t i c a l l y  c a l c u l a t e d  based on t h e  
The s u r f a c e  
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m a t e r i a l  p r o p e r t i e s ,  i n s t e a d  o f  be ing i n p u t  by t h e  user, which we b e l i e v e  
accounts f o r  t h e  e x c e l l e n t  r e l i a b i l i t y  o f  t h e  method. 
We have two fundamental l y  d i f f e r e n t  a1 g o r i  thms f o r  s u r f a c e  contact .  The 
o r i g i n a l  one assumes t h e r e  a r e  two d i f f e r e n t  sur faces which may come i n t o  con- 
t a c t .  
t h i s  approach i s  a sur face  cannot buck le  and c o l l a p s e  onto i t s e l f .  Our second 
method e l i m i n a t e s  t h i s  problem, b u t  i t  i s  s lower.  Most o f  t h e  CPU t i m e  i n  t h e  
a l g o r i t h m s  i s  used i n  t h e  search f o r  t h e  reg ions i n  contac t ,  and we have n o t  
been a b l e  t o  v e c t o r i z e  t h i s  s e c t i o n  o f  code t o  any s i g n i f i c a n t  e x t e n t .  
The Coulomb f r i c t i o n  model blends t h e  t r a n s i t i o n  f rom t h e  s t a t i c  t o  t h e  
dynamic c o e f f i c i e n t  o f  , f r i c t i o n  w i t h  an exponent ia l  decay based on t h e  r e l a -  
t i v e  v e l o c i t i e s  o f  t h e  c o n t a c t  sur faces.  Several c a l c u l a t i o n s  performed w i t h  
DYNAZD show good agreement w i t h  exper imental  r e s u l t s  u s i n g  t h i s  model. 
They are  des ignated t h e  master and s l a v e  sur faces.  The l i m i t a t i o n  t o  
EXAMPLE: Metal forming 
nor  axisymmetr ic,  and t h e r e f o r e  had t o  be analyzed i n  t h r e e  dimensions. 
c y l i n d r i c a l  b lank  o f  304L s t a i n l e s s  s t e e l  i s  h i g h  energy r a t e  fo rged (HERF) 
a t  1850F w i t h  shearbanding r e s u l t i n g  i n  one plane. The i n i t i a l  v e l o c i t y  of 
t h e  ram i s  600cm/sec. 
-- 
Shearbanding was s t u d i e d  i n  t h i s  ana lys is .  The problem i s  n e i t h e r  p l a n a r  
A 
The d i e  i s  modeled as a r i g i d  body i n  t h e  a n a l y s i s  so t h a t  a very f i n e  
mesh can be used t o  d e f i n e  t h e  curved surfaces o f  t h e  d i e  w i t h o u t  i n c u r r i n g  a 
computat ional  p e n a l t y  f rom e i t h e r  t h e  l a r g e  number o f  elements o r  t h e  Courant 
s t a b i l i t y  l i m i t  on t h e  i n t e g r a t i o n  t i m e  step. The ram i s  a l s o  modeled as a 
r i g i d  body w i t h  enough mass t o  g i v e  i t  t h e  proper  momentum. 
b lank was modeled w i t h  J2 e l a s t o p l a s t i c i t y .  
t h e  w a l l s  o f  t h e  d ie .  Shearbanding on ly  occurred when f r i c t i o n  was inc luded.  
The contours o f  p l a s t i c  s t r a i n  c o r r e l a t e  q u i t e  w e l l  i n  a q u a l i t a t i v e  way w i t h  
t h e  shearbands of t h e  ac id-etched f o r g i n g .  
The c y l i n d r i c a l  
The a n a l y s i s  was run bo th  w i t h  and w i t h o u t  f r i c t i o n  between t h e  b lank and 
Roughly 5 CPU hours on t h e  Cray-1 were needed f o r  t h e  c a l c u l a t i o n .  
Higher  ram v e l o c i t i e s  would r e q u i r e  p r o p o r t i o n a l l y  less CPU t ime,  and lower  
v e l o c i t i e s  would r e q u i r e  longer .  
EXAMPLE: Pipe whip 
The damage caused by one p i p e  h i t t i n g  another i s  an area o f  i n t e r e s t  t o  
t h e  nuc lear  power i n d u s t r y .  
w i t h  another  s e c t i o n  o f  p i p e  f i x e d  r i g i d l y  a t  bo th  ends. T h i s  model uses s h e l l  
elements w i t h  t h e  two sur face  contac t  a lgor i thm.  It runs i n  o n l y  f o u r  minutes 
on t h e  Cray-1. 
I n  t h i s  example, a f r e e  segment o f  p i p e  c o l l i d e s  
EXAMPLE: Axial buckling -- o f  a cylinder 
--I_-- 
T h i s  example demonstrates t h e  use o f  our  s i n g l e  sur face  contac t  a l g o r i t h m  
f o r  problems w i t h  buck l ing .  
c y l i n d e r  w i l l  f o l d  and t h e r e f o r e  cannot d i v i d e  t h e  sur face  i n t o  a s e r i e s  of 
master and s l a v e  segments. 
The a n a l y s t  does n o t  know a p r i o r i  whzre t h e  
Two contac t  sur faces were def ined,  one being t h e  
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e x t e r i o r  sur face,  t h e  o ther ,  t h e  i n t e r i o r  exper ience. The l e n g t h  o f  t h e  
c y l i n d e r  i s  440mm, t h e  d iameter  i s  100mm, and t h e  w a l l  th ickness  i s  1.5mm. 
The mesh c o n s i s t s  o f  1980 s h e l l  elements w i t h  f i v e  i n t e g r a t i o n  p o i n t s  through 
t h e  th ickness .  A l i t t l e  under t h i r t e e n  CPU hours on t h e  Cray were used i n  
t h i s  ana lys is ,  most o f  which was used i n  t h e  contac t  r o u t i n e .  
RIGID-BODY DYNAMICS .- --
A recent  a d d i t i o n  t o  DYNA3D i s  m a t e r i a l  t y p e  number 20, t h e  r i g i d - b o d y  
m a t e r i a l .  I n  many crash analyses, t h e  p l a s t i c  deformat ion i s  l o c a l i z e d  t o  a 
r a t h e r  smal l  reg ion,  b u t  t h e  e n t i r e  s t r u c t u r e  must be modeled i n  o r d e r  t o  
i n c l u d e  t h e  c o r r e c t  amount o f  momentum and i n e r t i a  i n  t h e  c a l c u l a t i o n .  To 
reduce t h e  cos t  of such a c a l c u l a t i o n ,  we rep lace  t h e  reg ions f a r  f rom t h e  
impact w i t h  r i g i d  bodies.  R i g i d  bodies cos t  o n l y  one microsecond per  zone, 
which, when compared t o  a c o n s t i t u t i v e  eva lua t ion ,  i s  almost f ree .  
t h a t  a r i g i d  body i s  d e f i n e d  by a m a t e r i a l  t y p e  makes t h i s  f e a t u r e  almost 
t ransparent  t o  t h e  a n a l y s t .  
s w i t c h i n g  them t o  m a t e r i a l  t y p e  20. Several  m a t e r i a l s  a r e  e a s i l y  merged i n t o  
a s i n g l e  body by adding merge cards t o  t h e  da ta  f i l e .  A l l  o f  t h e  contac t  
a l g o r i t h m s  and most o f  t h e  boundary c o n d i t i o n s  worked w i t h  r i g i d  bodies w i t h  
o n l y  minor changes t o  t h e  code. 
d i t i o n s ,  we have implemented j o i n t  c o n s t r a i n t s .  DYNA3D i s  probably  t h e  o n l y  
hydrocode t h a t  has u n i v e r s a l  and b a l l  j o i n t  models i n  it. 
The f a c t  
Regions o f  a s t r u c t u r e  a r e  e a s i l y  f rozen by 
I n  a d d i t i o n  t o  t h e  s tandard boundary con- 
EXAMPLE: E a r t h  Denetrator 
T h i s  c a l c u l a t i o n  was run  t o  determine t h e  e f f e c t  o f  a c o l l i s i o n  w i t h  a 
t r e e  t r u n k  on t h e  t r a j e c t o r y  o f  an E a r t h  penet ra to r .  The o r i g i n a l  c a l c u l a -  
t i o n ,  which took  f o u r  CPU hours on a Cray, modeled t h e  t r e e  t r u n k  w i t h  an 
e l a s t o - p l a s t i c  m a t e r i a l  and t h e  p e n e t r a t o r  was e l a s t i c .  We replaced t h e  
e l a s t i c  m a t e r i a l  model w i t h  t h e  r i g i d - b o d y  m a t e r i a l  and reduced t h e  c o s t  t o  
s i x  CPU minutes. The l a r g e  r e d u c t i o n  i n  cos t  r e s u l t e d  no t  o n l y  f rom t h e  l a r g e  
r e d u c t i o n  i n  t h e  number o f  c o n s t i t u t i v e  eva lua t ions ,  b u t  a l s o  f rom t h e  Courant 
s t a b i l i t y  l i m i t .  I n  t h e  o r i g i n a l  c a l c u l a t i o n ,  s t a b i l i t y  was determined by a 
smal l  element i n  t h e  p r o j e c t i l e ,  b u t  w i t h  t h e  r i g i d - b o d y  p r o j e c t i l e ,  s t a b i l i t y  
was determined by t h e  comparat ive ly  coarse zoning o f  t h e  t r e e  t r u n k .  
r e s u l t s  o f  t h e  two c a l c u l a t i o n s  agreed almost e x a c t l y .  
The 
EXAMPLE: Cy1 i nder i m p a c t  
T h i s  t e s t  was run  severa l  years  ago by Sandia Nat iona l  Labora tor ies .  A 
s t e e l  c y l i n d e r  was gr ipped " r i g i d l y "  a t  bo th  ends by an apparatus t h a t  slammed 
i t  i n t o  a s t e e l  r a i l  a t  a v e l o c i t y  o f  1676cm/sec. The number o f  i n t e r e s t  i s  
t h e  depth o f  t h e  dent i n  t h e  s i d e  o f  t h e  c y l i n d e r ,  which i s  known t o  be 3.64cm 
f rom t h e  experiment. T h i s  problem was one of t h e  f i r s t  successes f o r  DYNA3D. 
The o r i g i n a l  c a l c u l a t i o n  used an e l a s t o - p l a s t i c  model f o r  t h e  c y l i n d e r .  An 
ext remely dense, e l a s t i c  m a t e r i a l  was used f o r  t h e  two r i n g s  r e p r e s e n t i n g  t h e  
apparatus g r i p p i n g  t h e  ends o f  t h e  c y l i n d e r .  Both t h e  c y l i n d e r  and r i n g s  were 
modeled w i t h  s o l i d  elements. 
o r i g i n a l  model, which p r e d i c t s  a dent 3.886cm i n  depth. The cos t  o f  t h e  
a n a l y s i s  drops t o  t h i r t y - o n e  minutes i f  t h e  r i n g s  a r e  made i n t o  r i g i d  bodies,  
b u t  t h e  dent i s  o n l y  3.048 cm. 
n e a r l y  as s t i f f  as everyone had assumed. We r e c e n t l y  ran  t h e  problem modeled 
F i f t y - f i v e  CPU minutes a r e  r e q u i r e d  f o r  t h e  
Our conc lus ion  i s  t h a t  t h e  apparatus was n o t  
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w i t h  s h e l l  elements, and i t  took o n l y  s i x t e e n  minutes:  however t h e  deformat ion 
was t o o  la rge .  
INTERACTIVE REZONING 
I n t e r a c t i v e  rezon ing  has been a v a i l a b l e  f o r  severa l  years  i n  DYNAZD and 
Rezoning a l l o w s  t h e  user  t o  e l i m i n a t e  o r  smooth 
T h i s  increases t h e  
was r e c e n t l y  added t o  NIKE2D. 
s e c t i o n s  o f  a mesh w i t h  t h i n  o r  h i g h l y  d i s t o r t e d  elements. 
computat ional  e f f i c i e n c y  o f  t h e  programs by a l l o w i n g  a l a r g e r  t i m e  s tep  i n  
DYNA2D and by improv ing  t h e  convergence r a t e  i n  NIKE2D. 
T h i s  NIKE2D example shows a t h i c k - w a l l e d  cup being formed by back e x t r u -  
s ion .  The mesh was rezoned severa l  t imes d u r i n g  t h e  a n a l y s i s .  Only a few 
minutes o f  CPU was requ i red .  
hours because o f  t h e  low speed o f  t h e  forming process. 
The same a n a l y s i s  w i t h  DYNA2D would t a k e  severa l  
ITERATIVE SOLUTION OF EOUATIONS 
One area i n  which we a r e  c u r r e n t l y  s u p p o r t i n g  research i s  t h e  i t e r a t i v e  
The cos t  o f  f a c t o r i n g  a cube w i t h  N s o l u t i o n  o f  l i n e a r  a l g e b r a i c  equat ions.  
elements on each edge i s  p r o p o r t i o n a l  t o  N . An i t e r a t i v e  s o l u t i o n  method 
i s  f a s t e r  than a d i r e c t  s o l u t i o n  f o r  even f a i r l y  smal l  problems o f  t h i s  
type.  
1.08 minutes o f  CPU w h i l e  t h e  i t e r a t i v e  s o l u t i o n  takes .53 minutes.  Wi th  
twenty - four  elements on an edge, t h e  d i r e c t  s o l u t i o n  takes 3380 seconds f o r  t h e  
46875 equat ions as compared t o  t h e  125 seconds f o r  t h e  i t e r a t i v e  method. 
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For example, w i t h  e i g h t  elements on an edge, a d i r e c t  s o l u t i o n  takes  
Improvements t o  t h e  element-by-element p r e c o n d i t i o n e r ,  developed by 
Hughes, f o r  t h e  conjugate g r a d i e n t  method a r e  be ing  developed (Robert  Ferencz, 
Lawrence L ivermore Nat iona l  Laboratory ,  unpubl ished data) .  The major  d i f f i -  
c u l t y  w i t h  i t e r a t i v e  methods i s  t h e i r  l a c k  o f  robustness -- problems t h a t  have 
a wide range o f  e igenvalues, caused, f o r  example, by s t r u c t u r a l  elements o r  a 
p e n a l t y  contac t  a lgor i thm,  converge s l o w l y  ( i f  a t  a l l )  w i t h  these methods. 
The goal of t h i s  research i s  t h e  development o f  a p r e c o n d i t i o n e r  t h a t  w i l l  
improve t h e  robustness o f  t h e  c o n j u g a t e  g r a d i e n t  method. 
I n  t h i s  example, a bar  h i t t i n g  a r i g i d  w a l l  i s  modeled w i t h  2700 s o l i d  
elements and two p lanes o f  symmetry, g i v i n g  9196 equat ions.  
r e q u i r e s  a l i t t l e  over  2.5 m i l l i o n  words o f  storage, w h i l e  t h e  i t e r a t i v e  
method r e q u i r e s  1.7 m i l l i o n  words. The s o l u t i o n  cos t  w i t h  t h e  d i r e c t  method 
r e q u i r e d  2249 seconds on t h e  Cray XMP w i t h  18 seconds o f  1/0 t o  t h e  s o l i d  
s t a t e  d i s k .  
requ i red .  
seconds o f  CPU and so lved t h e  problem w i t h o u t  u s i n g  t h e  d isk .  
The d i r e c t  method 
Wi th a s tandard d i s k ,  almost 1800 seconds o f  1/0 would be 
I n  c o n t r a s t ,  t h e  element-by-element method r e q u i r e d  o n l y  654 
Al though t h e  range of e igenvalues f o r  t h i s  problem i s  n o t  as l a r g e  as 
f o r  a problem w i t h  beam elements, t h e  problem i s  e l a s t o p l a s t i c .  T h i s  problem 
demonstrates t h a t  i t e r a t i v e  s o l u t i o n  methods a r e  improv ing i n  robustness. As 
i t e r a t i v e  s o l u t i o n  methods improve and l a r g e r  computers become a v a i l a b l e ,  many 
problems t h a t  would now be s o l  ved u s i n g  exp l  i c i  t f i n i  t e - e l  ement programs o u t  
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o f  necess i ty  w i l l  be so lved more e f f i c i e n t l y  by i m p l i c i t  programs i n  t h e  
f u t u r e .  
FRACTURE AND FAILURE - - ~ -  
Another area o f  research f o r  us i s  f r a c t u r e .  L a s t  year  we implemented a 
t i e - b r e a k i n g  s l i d e l i n e  i n  our v e r s i o n  o f  NIKE2D based on m o d i f i c a t i o n s  t o  t h e  
program a t  South Caro l ina .  The program was used t o  s tudy t h e  fo rmat ion  o f  
c h i p s  i n  machining processes. We have a l s o  i n s t a l l e d  nodal c o n s t r a i n t s  based 
on t h e  same ideas i n  DYNA3D t o  study t h e  p e t a l l i n g  o f  sheet metal  as p r o j e c -  
t i l e s  p e n e t r a t e  i t . I n  bo th  cases, p l a s t i c  s t r a i n  i s  t h e  f r a c t u r e  c r i t e r i o n .  
A smeared crack f r a c t u r e  model i s  a l s o  a v a i l a b l e  i n  DYNA3D. An element f a i l s  
when t h e  maximum p r i n c i p a l  s t resses  exceed a s p e c i f i e d  f r a c t u r e  s t r e s s  w i t h  
t h i s  model. Our work i n  t h i s  area i s  very p r e l i m i n a r y ;  we have concentrated 
more on t h e  methods o f  implement ing f a i l u r e  c r i t e r i a  e f f i c i e n t l y  r a t h e r  than a 
s o p h i s t i c a t e d  f r a c t u r e  c r i t e r i a .  As we ga in  exper ience and exper imenta l  
r e s u l t s ,  we hope t o  improve t h e  f r a c t u r e  c r i t e r i a .  
The computat ional  overhead assoc ia ted  w i t h  t h e  f a i l u r e  models i s  smal l .  
The smeared crack m a t e r i a l  model i s  o n l y  about twenty percent  more expensive 
than our  s tandard e l a s t o - p l a s t i c  m a t e r i a l  model, and t h e  t i e - b r e a k i n g  nodal 
c o n s t r a i n t s  a r e  complete ly  vec tor ized .  
sphere w i t h  a v e l o c i t y  o f  6000in/sec. 
w i t h  t h e  o n l y  goal o f  t h e  problem t o  see whether o r  n o t  p e t a l l i n g  would occur. 
We p l a n  t o  run  b e t t e r  c a l c u l a t i o n s  i n  t h e  f u t u r e  and compare them t o  e x p e r i -  
mental r e s u l t s .  
A s t e e l  p l a t e ,  .1 inches t h i c k ,  i s  s t r u c k  by a 3 i n c h  d iameter  r i g i d  
The da ta  were chosen r a t h e r  a r b i t r a r i l y ,  
CONCLUSIONS 
Given t h e  i n c r e a s i n g  s i z e  and speed of computers and t h e  i n c r e a s i n g  e f f i -  
c iency  and robustness o f  f i n i  t e - e l  ement a1 g o r i  thms, we b e l  i eve t h a t  problems 
regarded by most as imposs ib le  today w i l l  be poss ib le ,  i f  expensive,  tomorrow. 
On t h e  Cray-2, which i s  t h e  technology of today, a m u l t i - t a s k e d  v e r s i o n  o f  
DYNA3D c o u l d  s o l v e  problems w i t h  more than a m i l l i o n  zones and t e n  thousand 
t i m e  steps i n  l e s s  than t e n  hours. 
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Figure 1. Finite-element model o f  Suzuki s led  t e s t .  
F igure  2. Close-up view o f  the  f in i te -e lement  mesh. 
The mesh contains 1600 she l l  elements. 
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F i g u r e  3. Cross s e c t i o n  o f  frame member. A l l  dimensions a r e  i n  
m i  1 1 i meters. 
1 Oms 
ZOms 
30ms 
F i g u r e  4. Deformed shapes a t  10 ms outpu t  i n t e r v a l s .  
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( a )  I n i t i a l  c o n f i g u r a t i o n  o f  c y l i n d e r .  
( b )  Close-up view showing cross sec t ion :  
One q u a r t e r  o f  t h e  c y l i n d e r  and mass 
were model ed w i t h  symmetric boundary 
c o n d i t i o n s .  
F i g u r e  5. A x i a l  b u c k l i n g  o f  c y l i n d e r .  
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F i g u r e  6. Deformed cross s e c t i o n s  a t  5 and 10 ms. 
F i g u r e  7. E a r t h  penet ra to r .  
5 = 2.0 ms t = 0.0 ms t = 1.0 ms 
t = 3.0 mr t = 4.0 mr 
F i g u r e  8. Cyl inder  impact. 
F i g u r e  9. Sequence o f  deformed shapes 
i n  p i p e  wip ana lys is .  
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F i g u r e  10. Rotated view of f i n a l  
con f  i g u r a t i o n .  
F i g u r e  11. Deformed c ross  s e c t i o n .  
F i g u r e  12. Close-up o f  deformed cross s e c t i o n .  
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QUESTION AND A,NSWER SESSION 
TRANS1 ENT DYNAMICS 
Q u e s t i o n s  and Answers f o l l o w i n g :  
St ructures,"  by R. J .  Melosh 
"Appl i c a t i o n  o f  T r a n s i e n t  A n a l y s i s  t o  A i r c r a f t  
Ted Bely tschko,  Nor thwestern U n i v e r s i t y :  I ' d  l i k e  t o  a m p l i f y  one p o i n t  you made 
and perhaps take  i ssue  w i t h  one o f  y o u r  statements. You p o i n t e d  o u t  t h a t  we can 
s i m u l a t e  an automobi le  c rash  and an a i r c r a f t  c rash  and, as a m a t t e r  o f  f ac t ,  you 
c i t e d  some papers i n  1971 and 1973 as evidence o f  t h a t .  
R. J .  Melosh: 1983. 
Bely tschko:  1983, OK. But,  never the less,  I t h i n k  t h a t  i f  you l o o k  a t  t h e  b a s i c  
phenomena t h a t  a r e  i n v o l v e d ,  t h e y ' r e  ext remely complex. 
l i t t l e  b i t  o p t i m i s t i c  i f  we b e l i e v e  t h a t  we can analyze t h a t  c l a s s  o f  phenomena 
e f f e c t i v e l y .  
l ook  a t  p rob lens  l i k e  dynamic pos t -buck l i ng ,  which i s  an i m p o r t a n t  i n g r e d i e n t  i n  
t h e  a i r c r a f t  problem, I d o n ' t  t h i n k  we can c o n s i d e r  t h a t  problem so lved  because 
we cannot  r e a l  l y  make p r e d i c t i v e  s o l u t i o n s  w i t h  reasonable accuracy. 
more, i f  we cons ide r  f e a t u r e s  such as j o i n t s  and o t h e r  aspects o f  t h e  problem, I 
t h i n k  we ' re  j u s t  a t  t h e  f r i n g e s  o f  l e a r n i n g  how t o  deal w i t h  them. 
I t h i n k  we're b e i n g  a 
We may be a b l e  t o  r e p l i c a t e  c e r t a i n  s a l i e n t  f ea tu res ,  b u t  i f  you 
F u r t h e r -  
Melosh: Well , t h e r e  may be a problem w i t h  r e s p e c t  t o  modeling, I 'm n o t  assess- 
i n g  t h a t .  
t h e n  we do need the  t o o l s  t o  e v a l u a t e  t h e  impact  o f  i d e a l i z a t i o n  e r r o r s .  
t h i n k  we have the  mechanics technology i n  t h e  sof tware.  We may n o t  know how t o  
use i t  p r o p e r l y ,  b u t  e r r o r  c o n t r o l s  and e r r o r  measures c o u l d  g i v e  us t h e  i n f o r -  
ma t ion  we need and t h e  i n s i g h t  t o  do t h a t .  
But,  of course, i f  we ' re  go ing  t o  assess the  problems o f  modeling, 
I 
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Questions and Answers following: 
Ted Belytschko 
'Explicit, Implicit, and Hybrid Methods" by 
Tom Moyer, George Washington University: I was wondering why more use hasn't 
been made of higher order algorithms b o t h  i n  the implicit  and the expl ic i t  
class.  We've done some calculations, a n d  there are a l o t  i n  l i t e ra ture  t h a t  
suggest t h a t  you can save significantly on whatever piece you are do ing  
explicit ly or implicitly i f  you go t o  a higher order technique. 
work, b u t  i t  saves you a l o t  i n  the l o n g  run. 
i n  the f i n i t e  element l i t e ra ture .  
I t ' s  a l o t  more 
And I d o n ' t  see much coming o u t  
Ted Belytschko, Northwestern University: I n  expl ic i t  methods, i f  you compare 
any higher order method t o  the central difference rule ,  the benefits are go ing  
t o  be quite small, i f  n o t  negligible because spatial discretization error 
dominates temporal discretization error when you a re  a t  the Courant  s t a b i l i t y  
l imit .  So in expl ic i t  methods, there 's  very l i t t l e  t o  be gained by t r y i n g  t o  
achieve bet ter  temporal accuracy. 
In  implicit  methods, t h a t  i s  n o t  the case. And as a matter of fac t ,  I t h i n k  
t h a t  the re1 uctance t o  pursue higher order impl i c i t  methods probably stems from 
the fac t  t h a t  higher order methods require nore core storage, which i s  already a 
problem w i t h  impl ic i  t methods, particularly i n  nonli near probl ems where one h a s  
t o  s tore  the hessian matr ix  a n d  a l l  the s t a t e  variables. To do t h i s  f o r  three 
or four  historical  steps, as required i n  higher order methods, becomes a 
substantial burden. I f  somehow one could use slow and  f a s t  memory i n  an optimal 
way, one could take advantage of the higher accuracy of these methods. I t h i n k  
there may be some potential f o r  higher order implicit  time integrators, because 
we are finding accuracy probl ems w i t h  conventional integrators. People have 
overlooked t h a t  for a long time, b u t  as Bob Melosh indicated, many solutions 
t h a t  are being generated w i t h  large time steps are very inaccurate and there 
are no guidelines as t o  whether they are accurate or inaccurate. 
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Q u e s t i o n s  and Answers f o l l o w i n g :  
i n  T r a n s i e n t  F i n i t e  Element A n a l y s i s "  by Dr.  Michael  O r t i z .  
" U n c o n d i t i o n a l l y  S t a b l e  Concurrent  A l q o r i  t h n s  
J e r r y  Housner: 
t o g e t h e r  a t  t h e  end of  t h e  a n a l y s i s .  
a n a l y s i s  o r  p e r i o d i c a l l y  t h roughou t  t h e  a n a l y s i s ?  
I n o t i c e  you k i n d  o f  p u l l e d  t h e  s t r u c t u r e - - t h e  subdomains--back 
I s  t h a t  done a t  t h e  end o f  t h e  e n t i r e  
O r t i z :  
aPp1 i c a t i o n  of t h e  a1 g o r i  thm, you  can process a1 1 t h e  subdomains c o n c u r r e n t l y  
and i n f o r m a t i o n  i s  on l y  exchanged a t  t h e  end o f  t h e  t i m e  step, which l i m i t s  t h e  
communication between t h e  processors t o  a minimum. 
f e a t u r e  o f  t h e  a lgo r i t hms .  And t h i s  i n f o r m a t i o n  has t o  be done e s s e n t i a l l y  f o r  
t h e  process o f  averaging-- the extended p r e d i c t e r .  
end o f  every t i m e  step.  
I t ' s  done a t  t he  end o f  every t ime  step.  I n  o t h e r  words, d u r i n g  one 
So t h a t ' s  another  n i c e  
So t h a t ' s  o n l y  done a t  t h e  
Joop Nagtegaal  , MARC A n a l y s i s  Research Corp.: T h a t ' s  very  i n t e r e s t i n g ,  Michael .  
What you  seem t o  be doing, i f  I j u s t  t h i n k  o f  i t  f o r  a moment on an element-by- 
element o r  subdomain-by-subdomain bas i s ,  you independent ly  i n t e g r a t e  subdomains, 
and you p u l l  t h i n g s  toge the r ,  r i g h t ,  by e s s e n t i a l l y  a p p l y i n g  conserva t i on  o f  
momentum. 
t h e  p o i n t s ?  
I s  t h a t  n o t  what i t  i s ?  Because you d i v i d e  by t h e  average mass of  
O r t i z :  
t h a t ' s  o n l y  a p a r t i c u l a r  c h o i c e  o f  many p o s s i b l e  choices o f  c o n c u r r e n t  
a lgo r i t hms .  
tency  and u n c o n d i t i o n a l  s t a b i l i t y  w i l l  do p e r f e c t l y  w e l l .  So, t h e  method i s  
very genera l .  
I t ' s  n o t  e x a c t l y  momentum averaging r u l e ,  i t ' s  mass averaging r u l e .  And 
Any c h o i c e  o f  an e f f e c t i v e  s t i f f n e s s  m a t r i x  t h a t  s a t i s f i e s  cons is -  
Nagtegaal :  I n  t h a t  process o f  p u l l i n g  s t u f f  t oge the r ,  however, I have t h e  f e e l -  
i n g ,  t h a t  you are, indeed, d e s t r o y i n g  energy somehow. Is t h a t  c o r r e c t - - t h a t  you 
p u t  a r t i f i c i a l  damping i n  y o u r  system a t  t h a t  p o i n t  and t h a t ' s  what makes i t  
t i c k ,  makes i t  u n c o n d i t i o n a l l y  s t a b l e  f o r  l a r g e  s teps?  
O r t i z :  
teed. 
Yes, w e l l  one t h i n g ' s  f o r  sure, c o n s e r v a t i o n  o f  energy i s  n o t  guaran- 
However, i t  d o e s n ' t  b low up i n  any way, e i t h e r . . .  
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Nagtegaal :  
must n o t  be a b l e  t o  generate it, f o r  sure. 
If i t ' s  n o t  guaranteed, i t  must somehow be d isappear ing,  r i g h t ?  I t  
O r t i z :  
as t h e  numerical  r e s u l t s  t h a t  I showed t e n d  t o  i n d i c a t e .  
There i s  some damping i n  t h e  a l g o r i t h m ,  yes, a l t hough  a ve ry  s l i g h t  one 
Nagtegaal :  
imp1 i c i  t a1 g o r i  thms perform, c e r t a i n l y  f o r  p r o b l  ems where you want t o  cons ide r  
h i g h  frequency where you g e t  tremendous phase e r r o r s ,  which i s  known. 
t h i s  method compare t o  t h e  i m p l i c i t  method i n  t h a t  respec t?  
eve n worse? 
One more quest ion.  Ted gave a n i c e  t a l k  and t o l d  u s  how poor 
How does 
Are they r e a l l y  
O r t i z :  Wel l ,  as I sa id ,  t h e  i m p l i c i t  a l g o r i t h m  i s  a p a r t i c u l a r  case, i f  you 
choose on ly  one subdomain. I f  you choose two subdomains, y o u ' r e  go ing  t o  g e t  
something which i s  very  s i m i l a r  t o  an i m p l i c i t  scheme. 
d e t e r i o r a t e  very s l i g h t l y .  A s  l o n g  as t h e  number of  subdomains i s  reasonably 
smal 1 f o r  a l a r g e  mesh, the  a1 g o r i  thms a re  go ing  t o  be very s i m i l a r  i n  accuracy 
t o  i m p l i c i t  schemes. Now if you go t o  element-by-element p a r t i t i o n s ,  then i t ' s  
b a s i c  t o  combine t h e  a l g o r i t h m  w i t h  some k i n d  o f  automat ic  t i m e  s tepp ing  tech- 
n ique  t o  make sure t h a t  you a r e  w i t h i n  reasonable bounds o f  accuracy. Then t h e  
method becomes r e l i a b l e  and, as I showed, can be advantageous w i t h  r e s p e c t  t o  
t h e  e x p l i c i t  scheme. But  i t  i s  r e a l l y  b a s i c a l l y  these s e m i - i m p l i c i t  schemes 
t h a t  address t h e  i s s u e  o f  accuracy which i s  t h e  c r i t i c a l  one. Uncond i t i ona l  
s t a b i l i t y  i s  r a t h e r  easy t o  o b t a i n  as you saw; t h e  c r i t i c a l  t h i n g  i s  whether the  
a1 g o r i  thms have reasonably good accuracy. 
So accuracy would o n l y  
Moktar  Salama, J e t  P r o p u l s i o n  Labora to ry :  I have two quest ions.  The f i r s t  one 
i s  t h e  execu t ion  t i m e  es t ima tes  t h a t  you g i v e  he re  f o r  2-D and 3-D. 
p le ,  i n  t h e  dynamic case, you show t h a t  t h e  e x e c u t i o n  t i m e  i s  
t h e  number o f  subdomains, and a l s o  t h e  number o f  processors.  
O r  t h e  number o f  processors i s  n2 o r  what? 
F o r  exam- 
n be ing  
I s  t h a t  c o r r e c t ?  
O r t i z :  
p robab ly  go t o  a number o f  subdomains equal t o  t h e  number o f  processors.  
those est imates,  t h e r e  i s  no re fe rence  made t o  t h e  e f f i c i e n c y  o f  t h e  comnunica- 
t i o n  network which i s ,  i n  i t s e l f ,  a f u n c t i o n  o f  t h e  number of processors.  
Those a r e  i d e a l  es t ima tes  f o r  a 100% e f f i c i e n t  communication network. 
T y p i c a l l y ,  i n  an implementat ion on a m u l t i p r o c e s s o r  machine, one would 
Now i n  
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Salama: O K ,  a n d  so there are n processors, presumably? 
Ortiz: Typically , yes. 
Salama: 
speed-up from n processors? I t  doesn't make sense. 
I n  t h i s  case I ' m  confused because how could you get more t h a n  an  n 
Ortiz: 
degrees-of-freedom a n d  the b a n d w i d t h .  
w i t h  the equation solving e f fo r t  t h a t  you do a t  the l o c a l  level,  you have t o  
compute n o t  only the reduction i n  degrees-of-freedom there b u t  also the 
bandwidth .  
squares there, you see. 
A s  you divide the mesh i n t o  n subdomains, you reduce b o t h  the number of 
I f  you identify the cost  of  the a l g o r i t h m  
Now, i f  you mul t ip ly  those two together, t ha t ' s  how you get the 
Salama: T h a n k  you. 
Editor's Note: I n  his calculations which produce a speedup greater t h a n  n ,  
Dr. Or t iz  i s  defining speedup as the r a t i o  o f  ideal theoretical run time fo r  a 
problem w i t h  one subdomain r u n n i n g  on one processor t o  the ideal theoretical run 
time f o r  t h a t  problem divided i n t o  n subdomains r u n n i n g  on n processors. 
P a r t  of  the speedup i s  produced by d i v i d i n g  the problem i n t o  n subdomains; 
p a r t  i s  produced by exploi t i  ng para1 1 el processi ng- - runn i  ng on 
The p a r t  of the speedup associated w i t h  parallel processing i s  
n processors. 
n.  
Questions and Answers fol lowing: 
Impact and Crash Dynamic Studies' by Alan B. Pifko 
"Transient  Analysis Techniques i n  Performing 
W .  J .  S t r o u d ,  NASA Langley: 
the nonl i near springs? 
A l a n ,  how do you arrive a t  the spring constant for 
P i f k o :  
i n d i v i d u a l  components--like cruciform sections of the helicopter f l o o r .  I n  the 
case of automotive r a i l s  t h a t  collapse i n t o  an  accordian f o l d ,  engineers i n  the 
automotive industry bend u p  these models, ad  i n f i n i t u m .  
develop those spring constants t h r o u g h  - many t e s t s  t h a t  they perform, b o t h  
s ta t ica l ly  and dynamically. 
We've done i t  i n  a couple of ways. One way i s  t h r o u g h  t e s t s  of  the 
Automotive engineers 
The trick then i s ,  you're assuming a deformation 
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mode, and you have t o  make sure t h a t  t h i s  assumption i s  c o r r e c t .  
make c e r t a i n  t h a t  a l l  t h e  energy i s  absorbed i n  the  mode assumed. 
You have t o  
Quest ion  and Answers "Appl i c a t i o n  and Implementation o f  T r a n s i e n t  A1 gori thms i n  
Computer Programs" by David Benson 
J .  T i n s l e y  Oden: 
c o e f f i c i e n t s  o f  f r i c t i o n  and depends on v e l o c i t y .  
T e l l  us something about y o u r  f r i c t i o n  l a w  t h a t  has t h r e e  
Benson: 
f r i c t i o n ,  and then we have an exponent ia l  decay between t h e  two t h a t ' s  dependent 
upon t h e  magnitude o f  t h e  r e l a t i v e  v e l o c i t y .  And so you have t h r e e  c o e f f i c i e n t s  
t h a t  you can work w i t h .  The exponent ional  decay f a c t o r ,  t h e  s t a t i c  c o e f f i c i e n t  
o f  f r i c t i o n ,  and t h e  dynamic c o e f f i c i e n t  o f  f r i c t i o n .  
We have a s t a t i c  c o e f f i c i e n t  o f  f r i c t i o n ,  dynamic c o e f f i c i e n t  o f  
- Oden: 
dynamica l l y  unstable.  
Do you ever  have any numerical  problems w i t h  t h a t ?  I t ' s  b a s i c a l l y  
Benson: No, we haven ' t .  
- Oden: 
something 1 i ke t h a t ?  
D i d  you ever  do any s imp le  problems l i k e  s l i d i n g  a b l o c k  down a plane, o r  
Benson: Yes, t h a t  was t h e  toboggan case and i t  worked f i n e .  
- Oden: 
because t h a t ' s  a ve ry  u n s t a b l e  a lgo r i t hm.  
when y o u  do t h a t .  
i n c r e a s e  i n  v e l o c i t y  y o u ' r e  genera t i ng  energy i n  t h e  system. 
t a l k  about i t  l a t e r .  
A l l  r i g h t .  You must have some a r t i f i c i a l  v i s c o s i t y  i n  t h e r e  somewhere 
You' re  f e e d i n g  energy i n t o  t h e  system 
Whenever t h e  c o e f f i c i e n t  o f  f r i c t i o n  decreases w i t h  an 
Perhaps we can 
Benson: OK. 
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TRANSIENT DYNAMICS PANEL DISCUSSION 
COMMENT, D. J. WEIDMAN, NASA LANGLEY RESEARCH CENTER: Pe rhaps  we can g e t  some good 
r e s p o n s e s  from t h e  a t t e n d e e s  and s p e a k e r s  c o n c e r n i n g  t h e  dynamics problems t h a t  have  
been  p r e s e n t e d  and the approaches  t h a t  have been  d i s c u s s e d .  To h e l p  do this I p re -  
pared one viewgraph.  
COMMENT, ROBERT MELOSH, DUKE UNIVERSITY: E n t r y  number t h r e e  in your  viewgraph a s k s  
i f  computers  make i n t e l l i g e n t  c h o i c e s .  I ' d  l i k e  t o  d i s p e l  t h e  i d e a  t h a t  a computer  
c a n  do a n y t h i n g  i n t e l l i g e n t .  The computer  can  have a c c e s s  t o  i n f o r m a t i o n  t h a t  t h e  
a n a l y s t  d o e s n ' t  have and ,  i n  t h a t  s e n s e ,  i t  can  make s u r r o g a t e  c h o i c e s  or choices 
t h a t  the a n a l y s t  might  n o t  make. 
COMMENT, D. J. WEIDMAN: The q u e s t i o n  i n  i t e m  three w a s  o n l y  i n t e n d e d  to address 
whether the computer  c o u l d  p i c k  between d i f f e r e n t  a l g o r i t h m s  (1.e. , whether  t h e y ' r e  
e x p l i c i t ,  i m p l i c i t ,  or a h y b r i d ) .  
COMMENT, ROBERT MELOSH: Computers ,  of c o u r s e ,  are a l l  e q u a l l y  a c c u r a t e .  The ques-  
t i o n  is r e a l l y  one of e f f i c i e n c y ,  and I'm n o t  s u r e  the  d e c i s i o n  is t h a t  s imple .  I f  
w e  c o u l d  t e a c h  someone ( a  g r a d u a t e  s t u d e n t ,  f o r  example)  t o  make an i n t e l l i g e n t  
choice, t h e n  w e  c o u l d  teach the computer  t o  make an i n t e l l i g e n t  choice. 
COMMENT, TED BELYTSCHKO, NORTHWESTERN UNIVERSITY: Because p a r a l l e l  machines  are now 
becoming commerc ia l ly  a v a i l a b l e  , we have a t remendous o p p o r t u n i t y  i n  time i n t e g r a -  
t i o n .  In c o n t r a s t  to  l i n e a r  s ta t ics ,  f o r  example,  one f i n d s  more s u b s t a n t i a l  payoff  
i n  comput ing  time when u t i l i z i n g  p a r a l l e l  a r c h i t e c t u r e s .  We r e a l l y  haven '  t e x p l o i t e d  
t h a t  aspect of compute r s ,  and I t h i n k  i t ' s  ve ry  i m p o r t a n t  that  this be done e a r l y  in 
t h e  game i n  r e g a r d  . t o  t h e  deve lopment  of the hardware. I ' v e  h e a r d  it said t h a t  run-  
n i n g  t i m e  is n o t  that  i m p o r t a n t ;  i f  we need an  answer b a d l y  enough,  w e ' l l  w a i t  f o r  
it. I t h i n k ,  however ,  t h a t  if we are go ing  t o  u t i l i z e  t r a n s i e n t  a n a l y s i s  i n  a 
computer -a ided  env i ronmen t ,  w e  need q u i c k  f eedback .  A c t u a l l y ,  what happens 1s that  
when a n  e n g i n e e r  wants  a n  answer t o  a q u e s t i o n  and it means w a i t i n g  o v e r n i g h t ,  t h e  
q u e s t i o n  is of t e n  discarded. Consequen t ly ,  o b t a i n i n g  q u i c k  r u n n i n g  time is e s s e n t i a l  
i n  i n t r o d u c i n g  t r a n s i e n t  n o n l i n e a r  a n a l y s i s  i n t o  t h e  (computer -a ided  e n g i n e e r i n g )  
CAE-type envi ronment .  
COMMENT, DAVE BENSON, LAWRENCE LIVERMORE LABORATORY: I have one remark Concern ing  
what are considered supercomputers today and what  t h e y  are c a p a b l e  of. Cray  1 1s 
a b o u t  10 y e a r s  o l d  and-no  l o n g e r  deserves t h e  t i t l e  of supe rcompute r ;  the new cham- 
pion is t h e  Cray  2 ,  which w i l l  per form o v e r  a b i l l i o n  f l o a t i n g  p o i n t  o p e r a t i o n s  p e r  
s econd  and has 67 x l o 6  words of memory. 
t a k e  codes and r u n  m i l l i o n - e l e m e n t  problems w i t h  10,000 e x p l i c i t  time s t e p s  and g e t  
it done  o v e r n i g h t .  That accompl ishment  is f e a s i b l e  with t o d a y ' s  codes on t o d a y ' s  
machines  . 
With tha t  k i n d  of c a p a b i l i t y  you can  now 
QUESTION, D. J. WEIDMAN: D o  we have any r emarks ,  q u e s t i o n s ,  o r  o b s e r v a t i o n s  from the 
a u d i e n c e ?  
QUESTION, E D W A R D  HAUG, UNIVERSITY OF IOWA: I have  a q u e s t i o n  f o r  e i t h e r  Alan P i f k o  
or Dave Benson. I'm s c a r e d  ha l f  t o  d e a t h  w i t h  t h e  s i z e  of these problems.  I had 
conv inced  myself  that  w e  mechan ica l  e n g i n e e r s  i n  mechanisms and machines were wi th i r i  
15  y e a r s  of t h e  state of t h e  a r t ,  b u t  I'm n o t  so s u r e  now. I t ' s  e m b a r r a s s i n g  t o  t a l k  
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a b o u t ,  b u t  t h e r e  i s  an  a r t i c l e  i n  Bus iness  Week* on how computer-aided e n g i n e e r i n g  i s  
g o i n g  t o  r e v o l u t i o n i z e  t h e  d e s i g n  p r o c e s s .  T h i s  a r t i c l e  s u g g e s t s  t h a t  e n g i n e e r s  are 
g o i n g  to  have a CAE sys t em on their d e s k s  by 1988 and t h a t  this sys t em w i l l  do a 
m u l t i t u d e  of t h i n g s .  As a matter of f ac t ,  t h e  p i c t u r e  t h a t  leads i n t o  the  a r t i c l e  i s  
Alan P i f k o ' s  c o l l a p s e  of  the forward  v e h i c l e .  I g u e s s  I have a hard time imag in ing  
t h a t  by 1988 e v e r y  e n g i n e e r  i s  go ing  to  have a Cray  3 or 4 on h i s  desk .  You're  g o i n g  
t o  have t o  have specialists:  Would you comment on how these m a s s i v e ,  high-speed 
codes  can  be used? 
COMMENT, ALAN PIFKO, GRUMMAN AEROSPACE COMPANY: What we're d o i n g  is  c e r t a i n l y  n o t ,  
a t  t h i s  p o i n t ,  computer -a ided  e n g i n e e r i n g .  However, w e  can u s e  t he  e x i s t i n g  model 
( f o r  example,  one t ha t  c o n t a i n s  f i n i t e  and h y b r i d  c r u s h  e l e m e n t s )  as a r e s o u r c e .  I f  
e n g i n e e r s  can  a t  l eas t  u s e  a Cray  1 ,  which i s  10-year  old t echno logy ,  then  they  might  
be able t o  a s k  t h e  q u e s t i o n :  What happens  if w e  make a c o n f i g u r a t i o n  change t o  the 
model? For  example,  i f  w e  have a two-door car ,  what  happens i f  we change to  a f o u r -  
d o o r  c a r ?  .What happens i f  w e  p u t  a ha t chback  a n  the car? I f  w e  a l r e a d y  have a model 
and a Cray 1 ,  we  can  do a s e n s i t i v i t y  s t u d y .  I d o n ' t  t h i n k  t h a t  i t  is f e a s i b l e  t o  
s t a r t  from scratch,  t o  compose a model i n  real  time, and t o  run i t  immedia te ly  SO 
t h a t  i t  works .  I do  t h i n k ,  however, t h a t  t h e  s e n s i t i v i t y  s t u d y  is f e a s i b l e  on a 
CYBER 176. We saw t h a t  t h e  c r a s h  model r a n  a c o u p l e  of h o u r s  and r e a l l y  impacted  the 
computer  sys tem.  I f  w e  run  on a Cray 1 w e  c a n  p u t  i t  i n  t h e  computer  and come back  
a f t e r  l unch ,  and i t  w i l l  be completed.  This accompl ishment  has changed the way w e  do  
b u s i n e s s .  
COMMENT, DAVE BENSON: I d o n ' t  t h i n k  there are g o i n g  t o  be C r a y s  on e n g i n e e r s '  desk 
tops by 1988. I a lso d o n ' t  th ink  t h a t  the a v e r a g e  a n a l y s t  i s  g o i n g  to  be p r o d u c i n g  
huge models e i t h e r .  Many a n a l y s t s  today  d o n ' t  even  use  f i n i t e - e l e m e n t  codes ,  as 
common as these codes are. F i n i t e  e l e m e n t s  are e s s e n t i a l l y  e n t i t i e s  un to  themselves .  
I t  t a k e s  a n  immense amount of  data t o  r e a l l y  p roduce  a c h a l l e n g i n g  problem f o r  a 
supe rcompute r .  There are meshes t h a t  w e  use  f o r  DYNA 3-D i n  which t h e  d a t a  f i l e  
i t s e l f  is 120,000 l i n e s  long.  Obv ious ly  those meshes are computer  g e n e r a t e d .  Bu t  
t h e  a v e r a g e  a n a l y s t  is  n o t  g o i n g  to  have the a b i l i t y  t o  g e n e r a t e  those e i ther .  And 
t h e r e  w o n ' t  be a need f o r  e v e r y  a n a l y s t  t o  c r a s h  a car model i n t o  a w a l l .  There are 
too many a n a l y s t s  i n v o l v e d  w i t h  other  t h i n g s  s u c h  as d e s i g n i n g  t h e  dash  accessories 
and  so on. So there's r e a l l y  n o t  t h a t  much demand f o r  it. There are i m p o r t a n t  and 
b i g g e r  problems t o  be s o l v e d  i n  the f u t u r e ,  b u t  f o r  t he  a v e r a g e  a n a l y s t ,  I d o n ' t  
t h i n k  t h e r e ' s  g o i n g  t o  be that dramatic an  impact. 
COMMENT, TED BELYTSCHKO: I t h i n k  i t ' s  e a s y  t o  t a k e  a n e g a t i v e  v i ewpo in t  on w h a t ' s  
g o i n g  t o  happen as f a r  as n o n l i n e a r  a n a l y s i s .  For example ,  i f  you were to c o n s i d e r  
f i n i t e  e l e m e n t s  20 y e a r s  ago ,  t h e n  d o i n g  l i n e a r  a n a l y s e s  of  c o m p l i c a t e d  s t r u c t u r e s  by 
f i n i t e  e l e m e n t s  looked l i k e  a ve ry  f o r m i d a b l e  t a s k  which,  p e r h a p s ,  would a lways  be 
removed from t h e  mains t ream of  e n g i n e e r i n g .  If you go to  a p l a n t  l i k e  G e n e r a l  Motors  
t o d a y ,  you f i n d  t h a t  l i n e a r  f i n i t e - e l e m e n t  a n a l y s i s  is  a v e r y  s t a n d a r d  t a s k  that  re- 
q u i r e s  almost no background i n  f i n i t e  e l e m e n t s .  I t  i s  done i n  a matter of  minu tes .  
E s s e n t i a l l y  t h e y  have a data bank w i t h  a car. One c a n  c a l l  back  any part of  t h a t ,  
p u t  a l i g h t  pen a round i t ,  produce  a f i n i t e - e l e m e n t  model, and d o  v i b r a t i o n  a n a l y s i s  
o r  l i n e a r  s t a t i c  stress a n a l y s i s .  This i s  s o m e t h i n g  t h a t  is r o u t i n e l y  done by numer- 
ous  e n g i n e e r s  i n  G e n e r a l  Motors. And, I t h i n k ,  a l t h o u g h  p e r h a p s  n o t  e v i d e n t  f o r  
*'Tests by Computer Nake T r i a l - a n d - E r r o r  Old Hat," B u s i n e s s  Week, June  17 ,  1985, 
pp. 1 4 4 ~ - 1 4 4 5 .  
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model ing  a car c r a s h ,  t h e r e  is a t remendous i n t e r e s t  i n  companies  l i k e  G e n e r a l  Motors 
t o  do n o n l i n e a r  a n a l y s i s  associated w i t h  m a n u f a c t u r i n g  processes, f o r  example,  i n  
d e s i g n i n g  a too l  d i e  o r  f o r g i n g  p r o c e s s .  I t  i s  t r u e  that today  t h e r e  are g r e a t  i m -  
ped iments .  Number one, we s t i l l  do n o t  have enough a b i l i t y  to  t r a n s f e r  t h e  d a t a  
bases and number two, t h e r e  is a l o t  of  e x p e r t i s e  i n v o l v e d  i n  runn ing  a n o n l i n e a r  
program. I f  w e  can  overcome t h o s e  obstacles, however, I t h i n k  n o n l i n e a r  a n a l y s i s  
w i l l  p l a y  a much l a r g e r  role i n  e n g i n e e r i n g  i n  a very  commonplace s e t t i n g .  I n  o t h e r  
words,  a p e r s o n  who d e s i g n s  a d ie  w i l l  n o t  be an  e x p e r t  i n  n o n l i n e a r  f i n i t e - e l e m e n t  
a n a l y s i s ,  b u t  he  will u s e  a n o n l i n e a r  f i n i t e - e l e m e n t  a n a l y s i s  to  see what k i n d  of  
s t r a i n s  are b e i n g  d e v e l o p e d  i n  a sheet d u r i n g  a sheet metal forming  p r o c e s s .  T h i s  
may n o t  be e v i d e n t  i n  3 y e a r s ,  b u t  i n  10 y e a r s ,  t h e  impact  will be s u b s t a n t i a l  i n  
n o n l i n e a r  a n a l y s i s .  
I 
COMMENT, ROBERT MELOSH: I agree w i t h  Ted. There is no p i n t  i n  r e s t r i c t i n g  o u r  
i m a g i n a t i v e  view of  how f a r  a n a l y s i s  can  go. I t h i n k  t h a t  would be t h e  wrong view t o  
t a k e .  I t h i n k  we s h o u l d  project  l a r g e r  a n a l y s e s  f o r  t h e  f u t u r e ,  and even  i f  w e  d o n ' t  
get  t h e r e  from a n  a p p l i c a t i o n s  p o i n t  of view, t he  a n a l y s e s  t h a t  are run today  w i l l  be 
be t te r .  
COMMENT, J O H N  HEDGEPETH, SANTA BARBARA, CA: I would c e r t a i n l y  s u b s c r i b e  to t h a t  l a s t  
v i ewpo in t .  I t h i n k  t h a t  a l l  of u s  w i l l  make a mis take  i f  w e  t r y  t o  minimize what  
migh t  happen i n  t h e  f u t u r e .  I d o n ' t  t h i n k  w e  can  pred ic t  e x a c t l y  what's g o i n g  t o  
happen ,  b u t  t h e  f u t u r e  i s  g o i n g  to  b r i n g  t h i n g s  t h a t  are a l o t  d i f f e r e n t  from what 
t h e y  are today .  I would l i k e  t o  remark on item three i n  the viewgraph ( c a n  computers  
make i n t e l l i g e n t  c h o i c e s ? ) .  When I see t h e s e  models which i n v o l v e  l o t s  of l a r g e  de- 
f l e c t i o n s ,  s t r a i n s ,  and  mot ions ,  and when I see c o n t a c t  problems,  t h e y  o n l y  i n v o l v e  a 
v e r y  small p e r c e n t a g e  of t h e  e n t i r e  s t r u c t u r e .  Xany of t h e  models had thousands  of 
g r id  p o i n t s ,  most o f  which w e r e  r e a l l y  u n e x e r c i s e d  i n  t h e  a c t u a l  problem t h a t  w a s  
carried o u t .  I t  would be n i c e  i f  t h e  computer  c o u l d  make t h e  i n t e l l i g e n t  choices o f  
p u t t i n g  t h e  g r i d  p o i n t s  c l o s e l y  spaced  i n  those areas i n  which t h e  p h y s i c a l  b e h a v i o r  
was g o i n g  to  r e q u i r e  close g r i d  spac ing .  Now, i f  we have i n t e l l i g e n t  g r a d u a t e  s t u -  
d e n t s ,  or even  i n t e l l i g e n t  e n g i n e e r s ,  those e n g i n e e r s  have  l e a r n e d  somewhere a l o n g  
t h e  way t h a t  when t h e y  have a problem t h a t  e x h i b i t s  a boundary l a y e r ,  t h e y ' l l  p u t  
g r i d  p o i n t s  more c l o s e l y  spaced i n  such  areas where the boundary  l a y e r  is and t h e n  
economize by making t h e  g r i d  s p a c i n g  larger i n  o t h e r  areas. T h a t ' s  an i n t e l l i g e n t  
e n g i n e e r .  The problem tha t  the e n g i n e e r  h a s  i n  modeling t h e s e  n o n l i n e a r  problems, 
s u c h  as w r i n k l i n g  of membranes, is where t he  r e g i o n s  are t h a t  r e q u i r e  t h e s e  close 
g r i d  spacings. 
and a t  the time t h a t  some local n o n l i n e a r i t y  o c c u r s ,  a u t o m a t i c a l l y  r e f i n e  t h e  loca l  
mesh. I would c o n s i d e r  t h a t  t o  be of great  s e r v i c e  to  us  i n  t r e a t i n g  t h e s e  problems. 
I t  would be n i c e  if the computer  could s e n s e  what i s  go ing  t o  happen 
COMMENT, ROBERT MELOSH: I g u e s s  I have t o  d e f e n d  my p o s i t i o n .  I d o n ' t  e x c l u d e  a n  
a d a p t i v e  mesh r e f i n e m e n t ;  I t h i n k  t h a t ' s  v e r y  i m p o r t a n t .  I t h i n k  t h a t  a d a p t i v e  mesh 
r e f i n e m e n t  i s  an e s s e n t i a l  t h i n g .  I d o n ' t  c o n s i d e r  t h a t  an i n t e l l i g e n t  a c t i v i t y  
though.  I c o u l d  a s s i g n  a n  u n d e r g r a d u a t e  s t u d e n t  t o  t h a t  k i n d  of  a c t i v i t y .  
COMMENT, JOHN HEDGEPETH: I d o n ' t  t h i n k  you can ,  and l e t  m e  t e l l  you why. The d i f f i -  
c u l t y  is  you have a coarse mesh, b u t  the loads have  g o t t e n  to  t h e  p o i n t  where c r ip-  
p l i n g  is imminent. N e i t h e r  t h e  f i n i t e - e l e m e n t  code t h a t  y o u ' r e  r u n n i n g  no r  your  - 
u n d e r g r a d u a t e  s t u d e n t  knows tha t  t h e  s t r u c t u r e  wants  t o  c r i p p l e  u n l e s s  you g i v e  i t  
more i n t e l l i g e n c e  to  know t h a t .  N o w  I do  a g r e e  t h a t  you 've  g o t  to  t e l l  t h e  computer  
the same t h i n g  t h a t  you 've  g o t  to tell the u n d e r g r a d u a t e  s t u d e n t  so t h a t  a d e c i s i o n  
c a n  be made. I f  for i n s t a n c e  y o u ' r e  s t u d y i n g  t h e  b u c k l i n g  of a tube ,  depend ing  on 
t h e  w a l l  t h i c k n e s s ,  t h a t  t u b e  p l a s t i c a l l y  deforms i n t o  n i c e  ax i symmet r i c  f o l d s  or 
i n t o  diamond p a t t e r n  f o l d s .  It would be n i c e  f o r  t h e  computer  to t e l l  t h e  e n g i n e e r  
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whethe r  t h e  d e f o r m a t i o n  w i l l  be ax i symmet r i c  f o l d s  or diamond p a t t e r n  f o l d s .  There 
is someth ing  o c c u r r i n g  i n  the material t h a t  i s  making t h e  tube  deform one way or t h e  
o t h e r .  I t  would be n i c e  i f  we could know how to  tell a l l  of t h a t  and have tAe 
computer  do t h a t  work f o r  us .  
COWdENT, D. J. WEIDMAN: That's a good p o i n t  John.  A r e  t h e r e  some o t h e r  q u e s t i o n s  or 
d i s c u s s i o n  p o i n t s ?  Another  d i s c u s s i o n  i t e m  i s  a means by which w e  want to  address 
benchmark problems.  This h a s  come up b e f o r e ,  f o r  example a t  A I M ,  b u t  i f  you 've  g o t  
a new approach  and you want to t r y  it on some o t h e r  programs and w r i t e  i t  up f o r  
o ther  p e o p l e  to  u s e ,  how do you compare t h a t  new approach  w i t h  what's a l r e a d y  
e x i s t i n g ?  I t  may be f a s t e r  on one machine t h a n  on a n o t h e r ;  i t  may be f a s t e r  i n  your  
code t h a n  it is  i n  my code. And tha t  l e a d s  us  t o  benchmark problems. Do we have t o  
d e f i n e  some as w e  were d i s c u s s i n g  a t  the r e c e n t  SDM c o n f e r e n c e ?  AIAA/ASME/ASCE/AHS 
2 6 t h  S t r u c t u r e s  , S t r u c t u r a l  Dynamics, and Yater ia ls  Confe rence  ( S D M )  , Shera ton-Tdin  
Towers, Or lando,  F l o r i d a ,  Apr i l  15-1 7,  1985; S e s s i o n  16: F in i t e -E lemen t  S t a n d a r d s  
Forum). How s h o u l d  we approach  t h a t ?  How c a n  we compare t h i n g s  i n t e l l i g e n t l y ?  
COMMENT, ,YOKTAR SALAMA, J P L :  I do n o t  t h i n k  w e  need benchmark problems s imply  be- 
cause f u t u r e  machines  are go ing  to  be more e f f i c i e n t  f o r  d i f f e r e n t  k i n d s  of problems 
i n  a d i f f e r e n t  way. An approach  t h a t  may work w e l l  Cor a v e c t o r  machine l i k e  C r a y  o r  
a CYBER may depend on c e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  a l g o r i t h m  that  a n o t h e r  machine,  
l i k e  a t r u e  paral le l  machine or an  a r r a y  processor, might  n o t  require. I t  migh t  re-  
q u i r e  d i f f e r e n t  c h a r a c t e r i s t i c s  of t he  a l g o r i t h m ,  so I d o n ' t  t h i n k  it is even  des ir-  
able t o  have  benchmarks. Those machines are going t o  have special t r a i t s ,  and i n  
order t o  use  the machine most e f f i c i e n t l y ,  you w i l l  have t o  e x p l o i t  t h o s e  t ra i ts .  
You d e s i g n  appKoaches f o r  s p e c i f i c  machines .  I n  t h i s  s e n s e ,  you have no way o f  
d e f i n i n g  a se t  of benchmark problems. 
COMMENT, TED BELYTSCHKO: I would p a r t i a l l y  l i k e  t o  second your  remarks i n  t h a t  the 
word "benchmark" and words t h a t  were used  a t  t he  SDM c o n f e r e n c e  ( s u c h  as " f i n i t e -  
e l e m e n t  s t a n d a r d s " )  s t r u c k  a l o t  of Pear i n  people who t h o u g h t  that such  an  approach 
would lead t o  s t a n d a r d i z a t i o n  and t h u s  h i n d e r  c r e a t i v i t y  or new developments .  On t h e  
o t h e r  hand,  i f  one c o n s i d e r s  per formance ,  there is a need to benchmark v a r i o u s  f i n i t e  
e l e m e n t s .  It  is v e r y  d i f f i c u l t  for a c o n v e n t i o n a l  u s e r  to  i d e n t i f y  problems t h a t  
w i l l  a d e q u a t e l y  test t h e  per formance  of c e r t a i n  classes of f i n i t e  e l e m e n t s  or 
a l g o r i t h m s .  I see a l o t  of papers t h a t  are w r i t t e n  which propound new e l e m e n t s ,  and 
it t u r n s  o u t  t h a t  i f  the d e v e l o p e r  had chosen  a n  i n t e l l i g e n t  set  of per formance  
problems, he  would have been  able to  i d e n t i f y  r i g h t  away t h a t  it would f a i l  c e r t a i n  
v e r y  important classes of problems. The r e a s o n  f o r  t h i s  is, o f  c o u r s e ,  that  u n l e s s  a 
l o t  of e f f o r t  is made t o  d e v e l o p  a spectrum of problems which s h o u l d  be w i t h i n  t h e  
pu rv iew of a g i v e n  e l e m e n t  or a g i v e n  a l g o r i t h m ,  i t ' s  ve ry  d i f f i c u l t  f o r  one p e r s o n  
i n  t h e  emergency s i t u a t i o n  (which u s u a l l y  ar ises  when c h e c k i n g  a new code) to  r e a l l y  
d e v i s e  this. I f  these per formance  problems are a v a i l a b l e ,  I t h i n k  i t  will s e r v e  a 
good p u r p o s e  i n  t h e  f i n i t e - e l e m e n t  and t h e  a n a l y t i c a l  community. 
QUESTION, JOE PADOVAN, UNIVERSITY OF AKRON: That sounds  good, b u t  when you go  to 
commercial s o f t w a r e ,  how many new e l e m e n t s  have  r e a l l y  d i f f u s e d  i n t o  it from t h e  
academic a r e n a  or from - the  v a r i o u s  g r a n t s ?  
COMMENT, TED BELYTSCHKO: Qu i t e  a few. 
COMMENT, JOE PADOVAN: Quite a few? I would v e n t u r e  t o  g u e s s  t h a t  t h e  amount i s  
r e a l l y  v e r y  small. 
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COMMENT, TED BELYTSCHKO: I d i f f e r  with t h a t  q u i t e  s t r o n g l y .  Look a t  most of t h e  
c u r r e n t  codes, f o r  example, t h e  Hughes-Tezduyar* element is i n  t h e  MARC code and i s  
wide ly  used t h e r e .  NASTRAN has had a complete t r a n s i t i o n  of e lements  over  the last  
20 years .  As a matter of f a c t ,  I w a s  t a l k i n g  t o  Bob Harder,  and i t  t u r n s  o u t  t h a t  
t h e y  do not even i n c l u d e  the documentation for C' elements i n  their s tandard  users' 
manual anymore. The e lement  i s  i n  t h e  code b u t  it is n o t  documented; it is only  
a v a i l a b l e  f o r  o l d  d a t a  sets. So one f i n d s  i n  many of the codes a tremendous t r a n s i -  
t i o n  i n  t h e  t y p e s  of e lements  which a r e  used. There are a few codes which a r e  s t i l l  
r e l y i n g  on very  o l d  elements .  But even, f o r  example, i n  Abacus, which re l ies  very  
much on t h e  four-node Co-type elements ,  DKT (Discrete Kirchoff Theory) is be ing  
i n s t a l l e d  
COMMENT, J O E  PADOVAN: I agree ;  I d o n ' t  mean t h a t  po in t .  I'm saying  t h a t  f o r  the 
numbers of d i f f e r e n t  types  of elements t h a t  have been proposed i n  the thousands of ~- 
p a p e r s  p u b l i s h e d  i n  t h e  l i t e r a t u r e ,  the m a j o r i t y  of these are n o t  g e t t i n g  i n t o  com- 
mercial codes. Somehow t h e r e  is an unconscious benchmarking p r o c e s s  occurr ing .  I t ' s  
very  d i f f i c u l t  on a developmental  l e v e l  t o  r e a l l y  benchmark proper ly .  
QUESTION, TED BELYTSCHKO: What do you mean by benchmarking a problem? 
ANSWER, JOE PADOVAN: Most of the elements  you descr ibed  - d i d  they  r e a l l y  go through 
a very s t r o n g  benchmarking p r o c e s s i n g  before  they were implemented? Did they  go 
through a series of f i v e  or ten d i a g n o s t i c  problems? 
COMMENT, TED BELYTSCHKO: I t h i n k  t h a t  i s  s t a n d a r d  i n  most s o f t w a r e  houses today. 
The major shortcoming i n  many sof tware  houses h a s  been  t h a t  t h e y  have n o t  had a 
c a t a l o g  of problems which would weed o u t  a l l  d e f i c i e n t  e lements .  I t ' s  s t a n d a r d  t o  
run  through 100 or 200 problems even f o r  minor changes i n  an element  i n  a major 
s o f t w a r e  house today. The d i f f i c u l t y  has  been t h a t  even among t h e  100 or 200 check 
problems, t h e r e  i s n ' t  one t h a t  will c a t c h  c e r t a i n  d e f i c i e n c i e s .  For example, mem-  
b rane  locking  is  q u i t e  p r e v a l e n t  i n  a l o t  of curved elements  and w a s  n o t  caught  
because t h e r e  are very  few problems with pure bending response i n  these  check 
problems . 
COMMENT, JOE PADOVAN : W e ' l l  d i s c u s s  t h a t  l a te r .  
COMMENT, K. C. PARK, LOCRHEED PAIA ALTO RESEARCH LABORATORY: S ince  t h i s  has  been a 
dynamics s e s s i o n ,  I ' d  l i k e  to  b r i n g  up  the  i s s u e s  concerning dynamics. I think t w o  
of t h e  o u t s t a n d i n g  problems, even in basic t r a n s i e n t  a l g o r i t h m s ,  are accuracy and 
s tep  s i z e  c o n t r o l  f o r  implici t  a lgor i thms.  I f  you know t h e  problem and what you are 
l o o k i n g  for from it q u i t e  well, you can g e t  very  decent  s o l u t i o n s  r e l a t i v e l y  quick ly .  
On t h e  o t h e r  hand, i f  you d o n ' t  know t h e  predominant p h y s i c a l  phenomena, t h e  nonl in-  
ear dynamics problem i s  n o t  a t r i v i a l  t h i n g  f o r  an engineer  to  crank out .  T h a t ' s  why 
many people ,  p a r t i c u l a r l y  i n  i n d u s t r y ,  f a l l  back on e x p l i c i t  a l g o r i t h m s  even though 
t h a t ' s  sometimes q u i t e  expensive.  They know i t ' s  much easier to  c o n t r o l  accuracy  and 
step s i z e  i n  e x p l i c i t  a l g o r i t h m s ,  so t h e y ' r e  w i l l i n g  t o  pay t h e  p r i c e  because t h e y  
know t h e y  can count  on t h e  r e s u l t s .  I t h i n k  t h e r e  is a need f o r  benchmark problems 
*T. J. R. Hughes, and T. E. Tezduyar: F i n i t e  Elements  Based Upon Mindlin Plate 
Theory With P a r t i c u l a r  Reference t o  t h e  Four-Node B i l i n e a r  Isoparametric Element. 
J. ~ p p .  Mech., vol .  48, no. 3, Sept. 1981, pp. 587-596. 
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i n  which someone can e v a l u a t e  proposed new a l g o r i t h m s  and new s t r a t e g i e s  i n  t h e  t r a n -  
s i e n t  dynamics area. This  would a l s o  permit peop le  t o  determine i n  what a p p l i c a t i o n  
l 
a proposed a p p l i c a t i o n  f u n c t i o n s  b e s t .  
COMMENT, JOHN HEDGEPETH: I t h i n k  of benchmarks i n  two ways, as b e i n g  an accuracy 
measure and a time measure. However, I g e t  t h e  i d e a  from l i s t e n i n g  t o  t h i s  d i s c u s -  
s i o n  t h a t  accu racy  i s  n o t  r e a l l y  t h e  problem, i t ' s  time. When I t h i n k  abou t  t h e  
computer time it t a k e s  t o  do  t h i s ,  t h a t ,  or the  o t h e r  t h i n g ,  L g e t  a mental  p i c t u r e  
of  a very i n t e r e s t i n g  number. It  i s  t h e  r a t i o  of t h e  number of d o l l a r s  t h a t  a r e  
s p e n t  on computer time, d i v i d e d  by the  number of d o l l a r s  t h a t  are s p e n t  on the  hour s  
o f  t h e  e n g i n e e r ' s  t i m e ,  i n v o l v i n g  j u s t  t hose  e n g i n e e r s  who are working with t h e  com- 
p u t e r  i n  s o l v i n g  a problen.  I would v e n t u r e  t o  s a y  t h a t  r i g h t  now t h a t  r a t i o  i s  
p robab ly  less than  0.1. I d o n ' t  know how long i t  w i l l  t a k e  u n t i l  w e  have a r a t i o  
g r e a t e r  t h a n  1 s o  t h a t  the problems t h a t  t he  e n g i n e e r s  a r e  s o l v i n g  are so time con- 
suming on a computer t h a t  i t  r e a l l y  becomes an economic problem abou t  whether t h e  
t h i n g  runs  t h i s  f a s t  or t h a t  f a s t .  I t h i n k  t h e  most impor t an t  concern i s  t h e  ques -  
t i o n  of how long does i t  t a k e  t h e  e n g i n e e r  t o  g e t  t h e  t h i n g  running,  and when he g e t s  
t h e  r e s u l t s  back, how long does he s t u d y  those  resul ts  b e f o r e  h e ' s  a b l e  t o  answer t h e  
problem t h a t  he i s  r e a l l y  t r y i n g  t o  a d d r e s s .  
I COMt4ENT, BAHRAM NOUR-OMID, LOCKHEED, PAL0 ALTO: I t h i n k  wi th  t h e  emergence of con- 
c u r r e n t  p r o c e s s o r s ,  w e ' l l  s e e  t h e  r a t i o  of 0.1 t h a t  you mentioned go even f u r t h e r  
down because t h e  time taken t o  program some of t h e s e  computers is  going t o  g e t  even 
l a r g e r .  I t h i n k  t h a t  w h a t  w e  are t r y i n g  t o  compare here is more l i k e  d r i v e r s  and 
cars. I t ' s  very ha rd  t o  s a y  whether one pe r son  i s  a bet ter  d r i v e r  than a n o t h e r ;  
s i m i l a r l y  it i s  j u s t  as ha rd  t o  s a y  whether one program is b e t t e r  t han  a n o t h e r  when 
you h a v e n ' t  s p e c i f i e d  t h e  car and t h e  computer t hey  are o p e r a t i n g  on. I t h i n k  t h a t  
i f  w e  can  de te rmine  which of two peop le  i s  t h e  b e t t e r  d r i v e r ,  t h e n  w e  can de te rmine  
which i s  t h e  b e t t e r  program. 
, 
QUESTION, TED BELYTSCHKO: Could w e  have a c l a r i f i c a t i o n ?  Did you s a y  t h e  r a t i o  of 
manpower r e l a t i v e  t o  computers w a s  0. l ?  (Addressed t o  John Hedgepeth. 1 
ANSWER, JOHN HEDGEPETH: I s a i d  computer d o l l a r s  were d i v i d e d  by manpower d o l l a r s .  
QUESTION, TED BELYTSCHKO: Did you i n t e r p r e t  i t  t h e  same way? (Addressed t o  Nour- 
Omid. 1 
ANSWER, BAHRAM NOUR-OMID: Yes, I t h o u g h t  he meant computer d o l l a r s  over  man 
d o l l a r s .  I t h i n k  t h e  c o s t  of computers i s  go ing  down, and the t i m e  taken t o  u t i l i z e  
t h o s e  computers i s  go ing  t o  go up. 
QUESTION, TED BELYTSCHKO: You were t a l k i n g  a b o u t  s o f t w a r e  development c o s t ?  
ANSWER, BAHRAM NOUR-OMID: Yes. 
COMMENT, TED BELYTSCHKO: T h a t ' s  u s u a l l y  c o n s i d e r e d  pa r t  of t h e  computer c o s t .  
COMMENT, BAHRAM N O U R 4 M I D :  I f  t h e  e n g i n e e r ' s  t i m e  i s  i n c l u d e d  as an o v e r a l l  t i n e ,  
t h e n  t h e  usage time d o e s n ' t  change, whereas t h e  s o f t w a r e  d e v e l o p e r ' s  time is go ing  t o  
t r i p l e  or q u a d r u p l e ;  I t h i n k  t h a t  i n c r e a s e s  t h e  r a t i o .  
I COMMENT, ALAN PIFKO: Let's look a t  l i n e a r  a n a l y s e s  s u b j e c t  t o  what you mentioned. 
A t  Grumman, the type  of l i n e a r  a n a l y s i s  n e c e s s a r y  f o r  a i r c r a f t  t ype  s t r u c t u r a s  i s  a 
major t h r u s t .  I n  o r d e r  t o  use  computer-aided d e s i g n  and computer-aided e n g i n e e r i n g  
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you go r i g h t  from drawings t o  a f i n i t e - e l e m e n t  a n a l y s i s .  You send i t  o f f  f o r  ana l -  
y s i s .  You s i t  and w a i t .  You see t h e  s t a t u s .  I t  comes back. And you immediately do  
p o s t p r o c e s s i n g  g r a p h i c s .  T h a t ' s  a major t h r u s t  t h a t  h a s  gone on f o r  l inear  a n a l y s i s .  
That  t h r u s t  i s  now moving i n t o  n o n l i n e a r  problems as more and more d e t a i l ,  such as 
f r a c t u r e  a n a l y s i s  problems and c o n t a c t  problems, are b e i n g  performed. In many major 
companies t h a t  i s  a major t h r u s t .  Ted Belytschko mentioned t h a t  i t  i s  going on a t  
Genera l  Motors, and I ' v e  seen it a l s o  going on a t  Ford and C h r y s l e r .  And t h e  nonl in-  
ear problems w i l l  now f a l l  w i t h i n  t h a t  realm t o o  as they become more d e t e r m i n i s t i c  
and easier t o  use.  
COMMENT, BJORN F. BACKMAN, BOEING MILITARY A I R P L A N E  COMPANY: I want t o  a d d r e s s  t h i s  
q u e s t i o n  of economy aga in .  To u s ,  the  q u e s t i o n  of computing e n t e r s  i n  two ways. One 
way i s  t h e  economy and one i s  the  s a f e t y  a s p e c t .  When you look a t  t h e  economy p a r t ,  
I d o n ' t  t h i n k  you can avo id  i n c l u d i n g  s o f t w a r e  development c o s t s  as p a r t  of the  c o s t  
f o r  computing. When i t  comes t o  t h e  s a f e t y  p a r t  with the  emergence of new materials 
and t h e  new requ i r emen t s  l i k e  damage t o l e r a n c e  and so on, t h e  n a t u r a l  tendency h a s  t o  
be towards more computing. There i s  no way around it. You t a k e  t h e  n a t u r a l  l ack  of 
f o r g i v e n e s s  (what you c a l l  s t i f f  composi tes  h e r e )  and y o u ' l l  f i n d  t h a t  t he  s e n s i t i v -  
i t y  t o  l o c a l  e f f e c t s  s imply raises t h e  need f o r  a n a l y s e s  i n  t h e  d e s i g n  p rocess  an 
o r d e r  of magnitude. The same t h i n g  is  t r u e  f o r  t he  d a t a  volumes. W e  may be used t o  
t h e  t h o u g h t  t h a t ,  f o r  a modern j e t  a i r l i n e r ,  less than  10  p e r c e n t  of t h e  c o s t  i s  
e n g i n e e r i n g  and,  of t h a t ,  maybe less than  5 p e r c e n t  i s  t h e  f i n i t e  element.  You're 
g o i n g  t o  see t h e  s a f e t y  d r i v e r s  as  i n d i r e c t  c o s t s  making up t h e  d i f f e r e n c e .  
COMMENT, ROBERT MELOSH: I ' d  l i k e  t o  make a n  o b s e r v a t i o n  on t h e  f u t u r e .  I n  p a r t i c u -  
l a r ,  i t  a p p e a r s  t o  m e  t h a t  what we're going t o  see happen i s  t h a t  a n a l y s e s  are going 
t o  g e t  more d i f f i c u l t  f o r  t h e  a n a l y s t  u n l e s s  something i s  done. I t h i n k  t h a t  i t ' s  
f a i r  t o  s a y  t h a t  g r a d u a t e s  of ou r  c u r r e n t  e d u c a t i o n a l  program i n  t h e  u n i v e r s i t i e s  are 
competent  t o  handle .  l i n e a r  a n a l y s i s .  I d o n ' t  t h i n k  i t ' s  f a i r  t o  s a y  t h e y  are compe- 
t e n t  t o  hand le  n o n l i n e a r  a n a l y s i s .  I t h i n k  t h e  s u b t l e t i e s  of n o n l i n e a r  a n a l y s i s  are 
ve ry  p e r v a s i v e ,  and t h e  i n t e r p r e t a t i o n  of r e s u l t s  i s  very complex. Haybe I ' m  over-  
whelmed by n o n l i n e a r  a n a l y s i s ,  b u t  I t h i n k  t h e  problems are  d i f f i c u l t ,  ex t r eme ly  
d i f f i c u l t ,  and t o  throw them a t  a computer and come back and i n t e r p r e t  the r e s u l t s  i s  
a n  ex t r eme ly  h a r d  c h a l l e n g e  t o  m e .  I worked f o r  MARC A n a l y s i s  f o r  4 y e a r s ,  and I an- 
swered the phone f o r  a b o u t  2 y e a r s  of that  time i n  r e sponse  t o  problems t h a t  people  
had i n  i n t e r p r e t i n g  r e s u l t s .  Often,  t h e r e  were problems w i t h  r e a d i n g  t h e  manual o r  
problems w i t h  u s i n g  the program. Sometimes there w e r e  bugs i n  t h e  program. B u t  too  
o f t e n  t h e  problem w a s  t h a t  people j u s t  d i d  n o t  have t h e  background to  unde r s t and  t h e  
phenomena. They had no e x p e r i e n c e  w i t h  n o n l i n e a r  phenomena--pogo s t i c k i n g ,  large- 
scale d i v e r g e n c e  problems-- problems t h a t  j u s t  were o u t  of  t h e i r  camp. And I t h i n k  
i t ' s  incumbent upon t h e  community, i f  w e  e x p e c t  people  t o  u s e  computers more and u s e  
them f o r  problems t h a t  t h e y ' r e  n o t  p repa red  f o r ,  t o  h o p e f u l l y  p rov ide  some b a s i s  f o r  
p r e p a r a t i o n .  
For  example, I had a s t u d e n t  who came back t o  t h e  u n i v e r s i t y  from working f o r  a 
y e a r ,  and I asked him what he had been doing. He r e p l i e d  t h a t  he had been d o i n g  
dynamic a n a l y s i s  ( p i p i n g  a n a l y s i s )  f o r  n u c l e a r  r e a c t o r s .  I commented t h a t  I d i d n ' t  
remember t h a t  he e v e r  had a c o u r s e  i n  f l e x i b l e  body dynamics and asked him how he was 
f a i r i n g .  " W e l l , "  he s a i d ,  " there ' s  somebody e lse  i n  t h e  company t h a t  has  run  t h e  
code b e f o r e ,  and they  t e l l  me how t o  p r e p a r e  i n p u t . "  "But t h a t  a n a l y s i s  r e s u l t  i s  
your  r e s p o n s i b i l i t y .  How can you f u l f i l l  your r e s p o n s i b i l i t y ? "  I asked. H e  re- 
p l i e d ,  " I ' m  do ing  the b e s t  I can." I t h i n k  t h e r e  are a lot of people  o u t  t h e r e  who 
are go ing  t o  be i n  t h a t  s i t u a t i o n  i f  w e  p rov ide  t h e s e  t o o l s  w i t h o u t  t h e  k i n d  of 
r e s p o n s i b i l i t y  t h a t  John i s  s u g g e s t i n g ,  t h e  r e s p o n s i b i l i t y  t o  p r o t e c t  t..e a n a l y s t  
from g r o s s  mis t akes .  
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U S I N G  A MULTI-BODY COMPUTER CODE 
J e r r o l d  M. Housner 
NASA Langley Research Cen te r  
Hampton, V i r g i n i a  
Why Deployment Dynamics A n a l y s i s ?  
Deployment is a c a n d i d a t e  mode f o r  c o n s t r u c t i o n  o f  s t r u c t u r a l  s p a c e  
s y s t e m  components. By i ts  very n a t u r e ,  deployment is a dynamic e v e n t ,  o f t e n  
i n v o l v i n g  l a r g e  a n g l e  u n f o l d i n g  of f l e x i b l e  beam members. V a l i d a t i o n  of 
proposed d e s i g n s  and c o n c e p t u a l  deployment mechanisms is enhanced th rough  
a n a l y s i s .  A n a l y s i s  may be used t o  de t e rmine  member l o a d s  t h u s  h e l p i n g  t o  
e s t a b l i s h  deployment ra tes  and deployment c o n t r o l  r equ i r emen t s  f o r  a g i v e n  
concep t .  Fu r the rmore ,  member f l e x i b i l i t y ,  j o i n t  f r e e - p l a y ,  manufac tu r ing  
t o l e r a n c e s  and i m p e r f e c t i o n s  can a f f e c t  t h e  r e l i a b i l i t y  of  deployment.  
Analyses  which i n c l u d e  these e f fec ts  can a i d  i n  r e d u c i n g  r i s k s  associated 
w i t h  a p a r t i c u l a r  c o n c e p t .  Ground tests which can p l a y  a similar r o l e  t o  
t h a t  of  a n a l y s i s  are d i f f i c u l t  and expens ive  t o  perform. Suspens ion  sys t ems  
j u s t  f o r  v i b r a t i o n  ground tests o f  l a r g e  s p a c e  s t r u c t u r e s  i n  a 1 g 
environment  p r e s e n t  many c h a l l e n g e s .  
s p a t i a l l y  expands is even more c h a l l e n g i n g .  A n a l y s i s  v a l i d a t i o n  th rough  
e x p e r i m e n t a l  c o n f i r m a t i o n  on r e l a t i v e l y  small s i m p l e  models would pe rmi t  
a n a l y t i c a l  e x t r a p o l a t i o n  t o  l a r g e r  more complex space structures.  
Suspension of a s t r u c t u r e  which I 
0 Deployment: A Candidate For Space Station Construction 
0 Deployment Is a Dynamic Event 
0 Design And Concept Validation 
- Determination of Member Loads 
Deployment Rate 
Deployment Control 
- Reliability of Deployment Mechanism 
Flexible Members 
Joint Free-Play 
Tolerances and Imperfections 
- Ground Tests Difficult and Expensive 
Suspension System in 1 g Environment 
Size Limitation 
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Candidate Multi-Body Programs For Deployment 
Shown in this chart is a list of some of the existing U.S. computer 
programs which are candidates for performing deployment analyses. These 
programs perform multi-body dynamic analysis. Some of these programs were 
orignally designed for mechanisms, while others were designed for satellites 
with appendages. Most of these programs are in a constant state of 
improvement and most have or will soon have capability for treating flexible 
members and perhaps sophisticated joint models. However, efficient 
simulation of a deploying structure with a large number of components will 
require considerable further development. 
ADAMS -------- Mechanical Dynamics 
ALLFLEX ------ Lockheed Missiles and Space 
CAPPS -------- TRW 
DADS --------- University of Iowa 
DISCOS/NBOD -- Martin Marietta 
IMP ---------- University of Wisconsin 
LATDYN ------- NASA (pilot code) 
SNAP --------- General Dynamics 
TREETOPS ----- Honeywell & DYNACS 
& CONTOPS 
Cambridge Research Associates Code 
OTHER 
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Large Distortion And Motion Of Two Pin-Connected Beams 
Subject To A Vertical Tip Step Load 
This chart displays the time-lapse response of a generic large motion/large 
distortion maneuver. Two very flexible beams which are pin-connected at 
their common end are acted upon by a vertical step load at the free end of 
one pf the members. Note in the left-hand figure that the pin-connected end 
first moves downward before moving upward. Also note  the large relative 
angular motions of the members and their distortions. The right hand figure 
shows the trajectory of the point of load application for both flexible and 
rigid member cases. 
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Unfolding O f  M u l t i p l e  Hinged F l e x i b l e  Beams 
T h i s  char t  d i s p l a y s  the u n f o l d i n g  of  a n  acco rd ion - type  assemblage of 
f l e x i b l e  members. The members are  hinged t o g e t h e r  and the  deployment is 
d r i v e n  by pre-wound t o r s i o n a l  s p r i n g s  a t  each h inge .  The deployment 
sequence of  b o t h  a f i v e  member c o l l e c t i o n  and a s i x t e e n  member c o l l e c t i o n  is 
d e p i c t e d .  Due t o  t h e  odd number of  members i n  t he  l e f t - h a n d  p o r t i o n  o f  t h e  
c h a r t ,  t h e  c o l l e c t i o n  of  beams a p p e a r s  r o t a t e d .  T h i s  appea rance  is 
exp la ined  by a n  appeal  t o  t h e  c o n s e r v a t i o n  o f  a n g u l a r  momentum. I n  t h e  
r igh t -hand  f i g u r e ,  t h e  members are s e e n  t o  deploy i n  a nea r  s e q u e n t i a l  
p a t t e r n .  T h i s  is the  n a t u r a l  way t h i s  s y s t e m  opens up and is n o t  due t o  a 
p r e s e t  ad jus tmen t  of  t h e  d r i v i n g  s p r i n g s .  Rather, t he  c l o s e r  a member is t o  
t h e  c e n t e r  of  t he  system, t h e  greater the  mass i t  must push i n  o r d e r  t o  open 
up. 
p a t t e r n  resu l t s .  
Hence t h e  o u t e r  members deploy f i r s t  and a n e a r - s e q u e n t i a l  deployment 
I 
DENERIY W O L D I N Q  PATTERN 
d 
Iw 
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I- 
N 
FIUE MEMBERS S I X T E E N  MEMBER= 
Uncon t ro l l ed  Deployment Sequence of  lour-Bay Mast 
I n  t h i s  c h a r t ,  t he  a n a l y t i c a l l y  s i m u l a t e d  deployment of  an u n c o n t r o l l e d  
four-bay mast composed of f l e x i b l e  members is shown. (The a n a l y s i s  was 
performed u s i n g  the  N A S A  LATDYN computer program and invo lved  64 d e g r e e s  of  
freedom.) 
bay which have l o c k a b l e  j o i n t s  midway  a l o n g  t h e i r  l e n g t h .  The d i a g o n a l s  
are  assumed t o  t e l e s c o p e  out d u r i n g  the  deployment and t h e  deployment is 
d r i v e n  by precompressed r o t a t i o n a l  s p r i n g s  a t  each l o c k a b l e  j o i n t .  
T y p i c a l l y  such masts are c o n t r o l l e d  t o  deploy s e q u e n t i a l l y ,  t h a t  is ,  one bay 
a t  a time, b u t  a n  u n c o n t r o l l e d  deployment s h e d s  Wight on t h e  n a t u r a l  
deployment character of  t he  d e s i g n .  Moreover, i n s i g h t  is ga ined  i n t o  t he  
s i m u l t a n e o u s  deployment which c a n  occur  i n  o t h e r  d e p l o y a b l e s  such as  a 
tetrahedral t r u s s .  The char t  shows t h a t  t h e  mast t e n d s  t o  deploy n e a r l y  
s e q u e n t i a l l y  w i t h o u t  c o n t r o l .  T h i s  a p p e a r s  t o  be d u e  t o  t he  larger i n e r t i a l  
mass which must be  pushed by t h e  i n n e r  b a y s  and t o  t h e  choice of  t h e  s p r i n g  
c o n s t a n t s  d r i v i n g  t h e  deployment. Thus  s e q u e n t i a l  deployment f o r  a mast 
t e n d s  to  b e  a n a t u r a l  p r o c e s s .  
The deployment o c c u r s  due t o  unfolding, of  t h e  l o n g e r o n s  of each 
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Lumped Mass Necessary to Simulate Uncontrolled Multi-Bay Deployment 
Due to the large computational time requirements of the mast deployment 
in the previous chart, it becomes desirable to simulate the multi-bay 
deployment using only one bay with lumped masses representing the inertial 
effect of the remaining bays. The figure shows the amount of lumped mass 
needed to simulate the deployment time of the multi-bay analysis. 
curve represents the use of a lumped mass equal to the number of simulated 
bays. The nonlinear curve indicates the predicted mass needed for this 
simulation. The linear representation becomes increasingly inaccurate as 
the number'of bays simulated increases and the added mass for multi-bay 
simulation must be increased. 
The linear 
Uncontrolled Deployment of Flexible Member Hoop 
Deployment of a hoop composed of 40 f l e x i b l e  hinged members is 
considered i n  t h i s  char t .  The left-hand f igure  dep ic t s  t h e  hoop deployment 
sequence. Bending of the hoop members is observable. The right-hand 
portion of the chart  indicates  the var ia t ion of hoop'deployment time w i t h  
number of hoop members. Two s e t s  of curves a r e  shown. I n  one s e t  of 
curves, the length of the hoop members is fixed so tha t  as  the number of 
members increases,  the hoop radius a l s o  increases. I n  the second case,  the 
hoop r a d i u s  is fixed s o  tha t  as  the number of members increases,  the member 
length decreases. Effect ively,  i n  the second s e t  of curves, the t o t a l  
weight of the hoop remains fixed. Deployment time is measured from the time 
the packaged hoop is released t o  the time a l l  the j o i n t s  lock up. 
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N89-24661 
DYNAMIC ANALYSIS OF SPACE STRUCTURES 
I NCLUDI NG 
ELASTIC, MULTIBODY, AND CONTROL BEHAVIOR 
L a r r y  Pinson 
Langley Research Center 
Hampton, V i r g i n i a  
Keto Soosaar 
Cambridge Research 
The Problem 
To develop analysis methods, modeling strategies, and simulation 
tools to predict with assurance the on-orbit performance and 
integrity o f  large complex space structures that cannot be 
verified on the ground. 
Problem Incorporates: 
Large Reliable Structural Models (including non-linear) 
Multi-Body Flexible Dynamics 
Multi-Tier Controller Interaction 
- Environmental Models Including lg and Atmosphere 
- Various On-Board Disturbances 
Linkage to Mission-Level Performance Codes 
All areas are in serious need o f  work, but weakest link is multi-body 
flexible dynamics. 
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Some Definitions 
Structural Dynamics: Motions of an elastic continuous structure 
under t ime-varying forces. 
Dynamics : Motions of a rigid particle or continuum 
Multi-Body Dynamics: Motions of an assembly of rigid and/or flexible 
elements mutually interacting via non-elast ic 
connect ions (trees or rings 1 
Multi-Body Dynamics are Encounted in Spacecraft with: 
1. Very Flexible Fixed Appendages 
2. Rotating Appendages 
3. Dual-Spinners 
4. 
5. During Deployments 
Isolators or Gimbals between Significant Parts o f  S/C 
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MULTI-BODY TOOLS WILL PROBABLY BE NEEDED FOR: 
NASA SSTM NAME 
A-18 
A-20 
C-6 
u - 4  
u-5 
A-24 
A-25 
A-26 
A-27 
A-28 
L - 1  
U-6 
PINHOLE OCCULTER F A C I L I T Y  (50 M) 
LARGE DEPLOYABLE REFLEXTOR (20 M)  
GEOSTATIONARY PLATFORM 
TETHERED SATELLITE 
SPACE STATION 
INFRARED RADIOMETER (100 M) 
GRAVITY WAVE INTERFEROMETER (1,000 M I  
COSMIC (34 M) 
100 M THINNED APERTURE 
VERY LARGE SPACE TELESCOPE 
SEARCH FOR EXTRA-TERRESTRIAL INTELLIGENCE (300 M) 
GEOSYNCHRONOUS SPACE STATION 
Multi-Body Dynamics Code Needs can be Gathered into Following Classes: 
1. Large Area Antenna 
2. Space Station 
3. Generalized Deployment 
4. Optical Systems 
5. Miscellaneous General-Purpose Codes 
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GENERAL-PURPOSE CODE 
. FIRST-ORDER ASSESSMENT OF NEW CONCEPTS 
. SAILS, TETHERS, MULTI-RINGS, DEPLOYMENTS 
. SMALL TO MEDIUM-SIZE PROBLEMS 
. CONTROL-STRUCTURE INTERACTION 
. LARGE MINI-COMPUTER ENVIRONMENT, MACHINE INDEPENDENT 
. USER-FRIENDLY, FLEXIBLE 
. EVOLUTIONARY VERSION OF CURRENT DISCOS 
DEPLOYMENT CODE 
. DRIVEN M A I N L Y  BY LARGE L IGHTWEIGHT ANTENNAS 
. TREES OR RINGS W I T H  MANY B O D I E S  
. MASS FLOW DURING DEPLOYMENT 
. GEOMETRIC STRUCTURAL N O N - L I N E A R I T I E S  
. TIME-VARYING LARGE STRUCTURAL MODEL 
. OPEN OR CI-OSED-LOOP CONTROL OF DEPLOYMENT 
ASSESSMENT I S S U E S  
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. DEPLOYMENT I N T O  UNACCEPTABLE CONFIGURATION 
. DEPLOYMENT I N T O  NON-RECOVERABLE S P I N  MODES 
. ENTANGLEMENTS, BREAKAGE, STRUCTURAL I N S T A B I L I T Y  
LARGE ANTENNA 
DEPLOYMENT 
S l O W € D  -l  DRUM ROTATION 
* OEPLOYMENT ENEROYSUPPLIED 
D Y  SPRINGS AT n i M  MINCES 
O E P L D V M E N l C O N l A O L L E O B Y  
PARTIAL DEPLOYMENT 
V E R Y  L A R G E  ANTENNA CODE 
. O P E R A T I O N A L  C O N F I G U R A T I O N  - L I M I T E D  M U L T I - B O D Y  
. VERY LOW-FREQUENCY STRUCTURE 
. VERY L A R G E  STRUCTURAL MODEL (10-50,000 D O F )  
. MEMBRANE OR OTHER GEOMETRIC N O N L I N E A R I T I E S  
. CONTROLLED SURFACE, F E E D  ALIGNFIENT,  SYSTEM P O I N T I N G  
. MODAL VS . T R A V E L L I N G - W A V E  R E P R E S E N T A T I O N  
ASSESSMENT I S S U E S  
. M A I N  L O B E  L O S S  OF G A I N  
. S I D E - L O B E  STRUCTURE 
. D Y N A M I C  I N T E R A C T I O N  W I T H  E N V I R O N M E N T A L  D I S T U R B A N C E S  
. MAJOR STRUCTURE-CONTROL I N T E R A C T I O N  
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T Y P I C A L  
L A R G E  ANTENNA 
FEED ASSEMBLY 
(4 REQUIRED) 
FEED MAST r 
HOOP SUPPORT CABLE d\/ /HUB urrtn MAS I \ SUR FACE 
.LOWER MAST 
HOOP SUPPORT CABLE 
-7 CONTROL CABLES 
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SPACE STATION CODE 
* MULTI -BODY TREES (APPENDAGES & PAYLOAD SENSORS) 
- LARGE STRUCTURAL MODEL 
- SIGNIFICANT INERTIA CHANGES (CONSTRUCTION, DOCKING) 
SYSTEM AND EXPERIMENT POINTING CONTROL 
EXPERIMENT DISTURBANCES 
ASSESSMENT ISSUES 
EXPERIMENT ISOLATION FROM ACCELERATION 
EXPERIMENT POINTING 8, TRACKING 
OCCUPANT COMFORT 
CONSUMABLES 
SPACE STATION 
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OPTICAL STRUCTURES CODE 
. OVERLAPPING CONTROL SYSTEMS 
. SURFACE (WAVEFRONT) 
. V I B R A T I O N  
. R A P I D  SLEW 
. P R E C I S I O N  P O I N T I N G  
. MULTIBODY (TREES) 
. ISOLATORS 
. MANY SOURCES OF DISTURBANCE 
. SLOSH AND POGO 
. RAPIDLY VARYING I N E R T I A S  
. R A P I D  CONFIGURATIONAL CHANGES 
. VERY LARGE E L A S T I C  MODEL 
ASSESSMENT ISSUES 
. SYSTEMS-LEVEL PERFORMANCE (L INKAGE TO OPTICS CODE) 
. ROBUSTNESS OF M U L T I - T I E R  CONTROL 
I 
T Y P I C A L  O P T I C A L  
STRUCTURE 
\ Slewing Actuator 
.ator 
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Generic Assessment Tool 
I I J 
Mult i-Body Equcitions 
o f  Motion 
Elastic and 
Mass Properties 
Mi s s ion Per f o rrnance 
Measure 
STATUS OF SPACE-SYSTEMS ORIENTED MULTI-BODY TECHNOLOGY 
. D I V E R S I T Y  OF FORMULATIONS 
. TWO GENERAL F A M I L I E S  
. A N A L Y T I C A L  MECHANICS - "DISPLACEMENT METHOD" 
. EULER/NEWTON - "FORCE METHOD" 
. SEVERAL SCHOOLS OF THOUGHT WITHIN FAMILIES 
. D I V E R S I T Y  OF SOFTWARE CODES 
. SOME EXCELLENT, MANY MARGINAL 
. S I G N I F I C A N T  LEARNING CURVES, USER H O S T I L E  
. GENERALLY LONG RUNNING T I M E S  
. UNCERTAIN ACCURACY/VAL I D I T Y  
. MANY USERS UNSOPHISTICATED, TREAT AS BLACK BOX 
. GENERALLY AN IMMATURE AREA ( U N L I K E  STRUCTURAL DYNAMICS) 
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CONCERN : 
. We are proposing more complicated satellites than our current 
analytical tools can re1 iably predict. 
. In the multi-body area there is a vast diversity of opinion on 
the proper approach to the formulations. 
. The time to develop a unified formulation, and convert it into 
code, will exceed the time available for immediate needs. 
Two Approaches t o  Resolution 
. Integration o f  available and other near-term codes (2-4 years). 
. Basic research and development activity leading t o  
NASTRAN-like multi-body code (5-8 years). 
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PATCHED DYNAMICS CODES (INTERIM SOLUTION) 
MODEL DEFINITION 
PHYSICAL PARAMETERS 
STRUCTURAL MODEL 
(NASTRAN, ETC.) 
CODE INTERFACES + I/O 
. . . . .  
ANTENNA 
PURPOSE CODE 
I I I I 
I . . . 
'/ 
GENERIC SYSTEMS LINEARIZATION 
STABILITY AND CONTROLS ANALYSIS 
COMMON INTEGRATORS 
GENERIC CODE OUTPUT 
GRAPHICS, VIDEO, ETC. 
OBJECTIVES OF NEW MULTI-USER CODE: 
. ENDURING BUT EFFICIENT COMMON FORMULATION 
. TREES, RINGS, MASSFLOW 
. LARGE STRUCTURAL MODELS 
. MULTI-LEVEL CONTROL 
. SOFTWARE FEATURES 
. USER-FRIENDLY PROBLEM-LANGUAGE 1-0 
. OBJECT-ORIENTED PROBLEM ASSEMBLY 
. INCORPORATED SYMBOLIC MANIPULATION 
. STRIPPED, EFFICIENT CODE FOR EXECUTION 
. MACHINE-INDEPENDENCE AND ACCESSIBILITY 
. SUPER-MINIS 
. MAINFRAMES 
. SUPERS 
. FEDERATED PARALLEL PROCESSORS 
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Basic Approach to Development 
. Consolidate Multi-Agency Government Support 
. Theory Phase T = To 
. Technical Participation by Government, Industry, Academia 
. 
. Preliminary Software Architecture Studies 
Study and Consolidotion of Alternate Formulations 
. Prototype Phase T = To + 2 
. 
. 
Reduce to 2 or 3 Major Formulation and Software Approaches 
Continue Support to Universities to Train Users 
. Coding Phase T = To + 3 
. Choose Best Overall Approach to Code 
. Preliminary Testing Phase T = To + 5 
. First Release to Selected Users 
. Public Release T = To + 6 
Summary 
. The problems a r e  t h e r e ,  f u n d i n g  should be pursued 
. On-going c a p a b i l i t i e s  f a l l  s h o r t  
. Near-term needs r e q u i r e  t h e  i n t e g r a t i o n  o f  e x i s t i n g  codes 
. Far- term needs must f o l l o w  a r e t u r n  t o  b a s i c s  
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Part I 
DYNAMICS OF FLEXIBLE MULTI-BODY 
MECHANISMS AND MANIPULATORS 
An Overview 
Steven Dubowsky 
Department of Mechanical Engineering 
Massachusetts Institute of Technology 
Cambridge, MA 
INTRODUCTION 
A. FLEXIBILITY CAN BE A MAJOR LIMITATION TO THE 
PERFORMANCE OF HIGH PERFORMANCE CONVENTIONAL 
MACHINE SYSTEMS. 
1, NOISE 
2. VIBRATION 
3. WEAR 
4, PREYATURE FAILURES 
5. DESTABILIZE CONTROL 
B. THE CURRENT STATE-OF-THE-ART OF ROBOTIC 
MANIPULATORS IS LIMITED BY THE EFFECTS OF SYSTEM 
FLEXIBILITY. 
THE STATE-OF-THE-ART OF THE 
ROBOT DY NAMI cs AND CONTROL+ 
*NOW : 
* I N  5 YEARS 
* I N  10 YEARS 
(CURRENT COMMERCIAL SYSTEMS) 
(LABORATORY DEMONSTRATED) 
(CURRENT RESEARCH ISSUES) 
'This cha r t  de f ines  the  t ime frames f o r  t h e  rev iew 
o f  the  s t a t e  o f  t he  a r t  f o r  robo t i c  systems which 
f o l l o w  and prov ide  the  basis f o r  the  f u t u r e  pro-  
j e c t i o n s  
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NOW 
1. ROBOTS ARE: 
* Not Robots 
* Individual Arms on Fixed Bases, or 
* Simple Guided Vehicles 
2. MECHANICAL DESIGN : 
* Heavy, Rigid and Slow 
3. SENSORS : * Simple Joint Transducers 
* Primitive 2-D Viiion 
* Rudimentary Force Sensors 
4. ACTUATORS : 
* Heavy and Low Power 
* Troublesome Transmissions 
5. END EFFECTORS : 
* Binary * With Simple Sensors 
* Special Purpose TooB 
6. MOTIONS : 
* Not Dynamic - "Quasi-Static" 
* Speeds Below Structural Resonances 
7. CONTROL : 
* Primitive Linear Joint Control 
* Low Performance 
* No Absolute Position Accuracy * Only Static Force Control 
* No Dynamic Trajectory Planning 
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IN 5 YEARS 
1. ROBOTS ARE: * Still Not Robots 
* 2 or 3 Fixed Arms Working Together * Some Mobility 
2. MECHANICAL DESIGNS : 
* Rigid, Light and Faster 
3. SENSORS : 
* Still Mostly Joint Transducers 
* Some VLSI 2-D Vision * Simple End-Point Sensors 
4. -4CTUATORS : 
* Lighter Weight and Improved 
* Direct Drives 
5. END EFFECTORS : 
* Some Controlled Mobility 
* Position, Force and Limited Tactile Sensing 
* Commercial Tools for Some Tasks 
6. MOTIONS : 
* Control Permits "Dynamic" Performance 
* Speeds Below Structural Resonances 
7. CONTROL : 
* Combined Position and Force 
* "Work-Space" Rather Than of the Joints 
* Insensitive to Environmental Changes 
* Optimal Dynamic Trajectory Planning 
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1. ROBOTS M4YElE : 
* .Robots 
* Coordinated Multiple and Mobile Arms 
* Self-contained with Walking Ability 
2. MECHA%lCAL DESIGNS : 
* Very Light, flexible and fast 1 
3. SEXSORS : 
* New Sensor Technologies €or Control 
* High Speed 3-D Vision 
* High Resolution Tactile Sensors 
4. ACTU.4TORS : 
* High Peformance 
* New Technologies - Muscle Types 
5. END EFFECTORS : * Sensitive and Dexterous Hands 
* Intelligent Motion and Sensing 
* Intelligent Tools for Specific Tasks 
6. MOTIONS : * Dynamically Tuned 
* Flexibility Exploited for Performance 
7. CONTROL : 
* Issues of Control and Performance in 
Most Cases Will Move to a Higher Level. 
* Questions of Control of Individual 
Robot Actions Will be Transparent. 
P a r t  I1 
APPLICATION OF FINITE-ELEMENT METHODS TO DYNAMIC 
ANALYSIS OF FLEXIBLE SPATIAL AND CO-PLANAR 
LINKAGE SYSTEMS 
Steven Dubowsky 
The f o l l o w i n g  f i g u r e s  d e s c r i b e  a n  approach t o  modeling t h e  f l e x i b i l i t y  e f f e c t s  
i n  s p a t i a l  mechanisms and manipula tor  systems.  The method i s  based on f i n i t e -  
e lement  r e p r e s e n t a t i o n s  of t h e  i n d i v i d u a l  l i n k s  i n  t h e  system. However, it 
should  be noted t h a t  c o n v e n t i o n a l  FEM methods and s o f t w a r e  packages w i l l  n o t  
handle  t h e  h i g h l y  n o n l i n e a r  dynamic behavior  o f  t h e s e  systems which r e s u l t  
from t h e i r  changing geometry. I n  o r d e r  t o  d e s i g n  hiqh-performance l i g h t w e i q h t  
systems and t h e i r  c o n t r o l  systems,  good models o f  t h e i r  dynamic behavior  which 
i n c l u d e  t h e  e f E e c t s  of f l e x i b i l i t y  are r e q u i r e d .  
FOCUS 
DEVELOP PRACTICAL AND EFFICIENT METHODS WHICH 
ANALYZE SPATIAL MECHANISMS AND MANIPULATORS 
CONTAINING IRREGULARLY SHAPED FLEXIBLE LINKS 
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The method p r e s e n t e d  h e r e  f o r  t h e  model inq  of t h e  dynamic b e h a v i o r  of manipu- 
la tors  and machine s y s t e m s  w i t h  f l e x i b i l i t y  is based on u s i n q  i n d i v i d u a l  
f i n i t e - e l e m e n t  'Link models  t o  r e d u c e  t h e  number o f  dynamic d e g r e e s  of freedom. 
The sys t em q r o s s  mot ion  i s  modeled u s i n q  4 by 4 m a t r i x  methods. The r e s u l t i n q  
e q u a t i o n s  of motion  c o n t a i n  b o t h  t h e  f u l l  n o n l i n e a r  b e h a v i o r  i n t r o d u c e d  by the 
s y s t e m ' s  g r o s s  mot ion  and  t h e  e f  Eects o f  l i n k  f l e x i b i l i t y .  
ANALYTICAL APPROACH 
0 4 x 4 MATRIX DYNAMIC ANALYSIS TECHNIQUES 
0 WELL-ESTABLISHED METHOD 
0 APPLIED TO RIGID LINK SYSTEMS IN PREVIOUS WORK 
0 POSSIBLE TO EXTEND ANALYSIS TO INCLUDE FLEXIBILITY OF LINKS 
FINITE-ELEMENT METHODOLOGY 
0 USED EXTENSIVELY IN STRUCTURAL DYNAMICS 
STANDARD FINITE-ELEMENT PROGRAMS (NASTRAN, SAP, ETC) 
ARE WIDELY AVAILABLE 
PERTURBATION COORDINATES 
COMPONENT MODE SYNTHESIS COORDINATE REDUCTION 
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I 
T h i s  f i g u r e  d e f i n e s  t h e  well-known 4 hy 4 c o o r d i n a t e  t r a n s f o r m a t i o n .  These  
t r a n s f o r m a t i o n s  c o n t a i n  t h e  i n f o r m a t i o n  t h a t  d e s c r i b e s  t h e  k i n e m a t i c  con- 
s t r a i n t s  imposed by t h e  s y s t e m s  j o i n t s  or c o n n e c t i o n s .  
4 x 4 MATRIX NOTATION 
T ‘i- 1 
it’ 1 CONNEC ri = [ 1 xi yi ~i 1 
ith LINK 
xi 
it h CON N E CT I ON 
TlON 
LINK 
\ 
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The vectors r e p r e s e n t i n g  a n y  p o i n t  i n  t h e  s y s t e m  c a n  be r e p r e s e n t e d  t o  a 
common f rame u s i n g  4 by  4 methods.  
any p o i n t  c a n  be d e s c r i b e d .  
I n  p a r t i c u l a r ,  t h e  i n e r t i a l  p o s i t i o n  of 
4 x 4 MATRIX ANALYSIS 
I 1 0 0 0 LiCOS e i  COS ei -sin Oi cos ai sin 8i sin ai Lisin 0i sin 8i cos Oi cos ai -cos 8i sin ai 0 sin ai COS Ui Hi I T i- 1 
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T h e  p o s i t i o n  variables of the f i n i t e - e l e m e n t  g r i d  p o i n t s  must  be t r a n s f o r m e d  
i n t o  4 by 4 n o t a t i o n .  
LOCAL GRID POINT MOTION 
LOCAL POSITION: 
NP(i) 
B =1 
rig= C *igp P i s  + b  ig 
NOMINAL POSITION: 
SELECTION VECTOR: 
"igp = [ O I O O ] T f o r B =  1+6(%1) 
= [ O  0 1 0 IT for P =  2 + 6(91) 
= f O O O 1 l T f o r S =  3 + 6 ( g 1 )  
= [ 0 0 0 0 1 for all other p 
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The. i n e r t i a l  v e l o c i t i e s  of t h e  g r i d  p o i n t s  are tal-culated i n  4 by 4 n o t a t i o n  
so t h a t  t h e  k i n e t i c  e n e r g y  ( n e x t  f i g u r e )  r e q u i r e d  by Lagrange ’ s  E q u a t i o n s  
( f o l l o w i n g  f i q u r e )  c a n  h e  f o r m u l a t e d .  
GRID POINT INERTIAL VELOCITY 
INERTIAL POSITION: 
INERTIAL VELOCITY: 
a T; 
WHERE Uij=  a e )  
464 
LINK ENERGY 
a KINETIC ENERGY 
POTENTIAL ENERGY (ELASTIC) 
LINK DYNAMIC EQUATIONS 
0 LAGRANGE'S EQUATIONS, 
- aWi)  - 
- fia a = 1,. . . . , NP(i) + 
'pi a dt 
0 LINK DYNAMIC EQUATIONS 
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The number of degrees o f  freedom €or each link is reduced using component mode 
synthesis in order to achieve good computational efficiency. 
COMPONENT MODE SYNTHESIS 
0 CMS TRANSFORMATION 
0 REDUCED LINK DYNAMIC EQUATIONS 
M. g: + G. i. + K. a. = f; I I  I I  I I  
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1 
The l i n k  dynamic e q u a t i o n s  are f o r m u l a t e d  i n  terms of s e l e c t e d  global 
c o o r d i n a t e s  . 
GLOBAL EQUATIONS OF MOTION 
GLOBAL TRANSFORMATION 
ai = Bi ie(t)) q ,  
GLOBAL DYNAMIC EQUATIONS 
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T h i s  method has been  an tomated  i n  a s o f t w a r e  package c a l l e d  SALEM ( S p a t i a l  
A n a l y s i s  o f  Linkages  w i t h  E l a s t i c  Members). 
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A special version, tailored for robotic manipulators, has a l s o  been created. 
This package is called FLEXARM (FLEXible Analysis of Robotic Manipulators). 
These programs include computer graphics output capabilities to assist the 
designer in visualizing, and hence, understanding the complex three- 
dimensional dynamic behavior of these systems. This figure shows the FLEXARM 
computational structure . 
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Examples of t h e  r e s u l t s  which may be o b t a i n e d  u s i n q  t h i s  t e c h n i q u e  are 
p r e s e n t e d .  
robot ic  m a n i p u l a t o r  w i l l  be p r e s e n t e d .  
T h i s  f i g u r e  shows a c o - p l a n a r  mechanism. 
is  p l a n a r ,  i t  w i l l  e x h i b i t  s p a t i a l  v i b r a t i o n s  b e c a u s e  of t h o  off-sots i n  t h e  
l i n k s .  
F i r s t ,  a machine sys t em will be c o n s i d e r e d  and t h e n  r e s u l t s  € o r  a 
Even though i t s  k i n e m a t i c  s t r u c t u r e  
CO-PLANAR-MECHANISM 
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This figure shows the de ta i l s  of the FEM model for the coupler l i n k .  
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~~ 
T h i s  i s  a t y p i c a l  p l o t  of the displ-acements on t h e  c o u p l e r  l i n k .  
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The global coordinates of the mechanism are presented here. 
CO-PLANAR FOUR BAR LINKAGE 
OUTPUT LINK 
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This figure shows different views of tho deformation of the mechanism in one 
of its positions. This type of plot can be overlayed to create animated 
motions of the mechanisms motion. 
CO-PLANAR 
FOUR-BAR 
DEFORMED 
GEOMETRY 
UNDEFORMED MECHANISM DEFORMED MECHANISM 
WITH MAGNIFICATION 
FACTOR OF 10 
( a )  Front View 
lb) Top View 
IC) Rotated VIaw 
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CONCLUSIONS 
0 A UNIFIED ANALYTICAL APPROACH FOR BOTH RIGID AND 
ELASTIC LINK MECHANISMS IS POSSIBLE 
0 EXISTING FINITE-ELEMENT PROCESSING PROGRAMS CAN 
BE FULLY UTILIZED TO REDUCE GEOMETRIC MODELING COMPLEXITY 
0 COMPONENT MODE SYNTHESIS COORDINATE REDUCTION 
IS IDEAL FOR USE IN FLEXIBLE LINKAGE ANALYSIS 
0 INCREASED UNDERSTANDING OF 30 BEHAVIOR CAN BE 
OBTAINED THROUGH INTERACTIVE GRAPHICS 
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Part I11 
Shown he low is an an examp1.e of the application of the method to  a robotic 
manipulator: t he  Cincinnati MILACRON T 3 R 3 .  
THR E E-ROLL-W R IST 
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The f i r s t  s tep  i n  t h o  method is  to  deve lop  a s t a n d a r d  NASTRAN FEM model f o r  
each  l i n k  i n  t h e  m a n i p u l a t o r ,  i n c l u d i n g  i t s  base and t h e  f l o o r .  The forearm 
model i s  shown below. The model i n c l u d e s  such i m p o r t a n t  parameters as t h e  
s t i € f n e s s  of t h e  m a n i p u l a t o r s  b e a r i n g s .  
~ E R  connmo: 
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I n  t h i s  f i g u r e  t h e  o t h e r  NASTRAN models of t h e  o t h e r  l i n k s  are shown. They 
have 155 g r i d  p o i n t s  and 273 elements .  With t h e  d e g r e e s  of freedom a s s o c i a t e d  
w i t h  t h e  c o n t r o l  systems,  t h i s  unreduced system would have approximately 1650 
DOF's. 
system would be v e r y  high.  However, t h e  r e s u l t s  o b t a i n e d  show t h a t  t h e  
s t r u c t u r a l  d e g r e e s  of freedom can be e f f e c t i v e l y  reduced by CMS, and a t o t a l  
system model of less t h a n  72  DOF's w i l l  y i e l d  h i g h - q u a l i t y  r e s u l t s .  
The computa t iona l  cost r e q u i r e d  t o  s i m u l a t e  t h i s  l a r g e  -_----- n o n l i n e a r  
Complete Model Model with Hidden Lines Removed 
Detailed System NASTRAN Finite-element of Robotic Manipulator 
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An example of t h e  t y p i c a l  control for one of t h e  T3R3 a x i s  is shown here .  
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PROP0 R TlON A L AND 
RATE FEEDBACK 
Frequency  r e s p o n s e  e x p e r i m e n t s  f o r  t h e  m a n i p u l a t o r  i n  a number of s t a t i o n a r y  
p o s i t i o n s  show good ag reemen t  w i t h  t h e  FLEXARM r e s u l t s .  I t  s h o u l d  he  n o t e d  
t h a t  when t h e  m a n i p u l a t o r  i s  nomina l ly  s t a t i o n a r y ,  i t s  e q u a t i o n s  are n e a r l y  
l i nea r  and c lass ica l  f r e q u e n c y  r e s p o n s e  a n a l y s i s  is mean ingfu l .  
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This figure shows an example of the manipulators first mode shape for a 
typical position obtained using FLEXARM. 
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The open-loop c o n t r o l  a n a l y s i s  done u s i n g  FLEXARM shows t h a t  t h e  s t a h i l i t y  
margins of t h e  system are g r e a t l y  reduced by t h e  l i n k  f l e x i b i l i t y .  
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The next group of figures shows the results for FLEXARM simulation of a 
typical large motion manipulator move. 
First, we see the manipulator in its initial position. It will start here 
from rest. This figure is typical of the computer graphics output mode of 
FLEXARM. It will then move to its final position with the tip traveling along 
a straight line in three-dimensional space. 
x O  
Rotated View of Manipulator in Workspace 
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Here t h e  several  p o s i t i o n s  of t h e  m a n i p u l a t o r  are a l o n g  i t s  s t r a i g h t  l i n e  
p a t h .  As it  is s t a n d a r d  f o r  many commercial systems, t h e  m a n i p u l a t o r  t i p  is 
commanded t o  move a l o n q  i t s  p a t h  a t  a c o n s t a n t  a c c e l e r a t i o n  u n t i l  a c o n s t a n t  
v e l o c i t y  is r e a c h e d .  It  t h e n  moves a t  t h a t  c o n s t a n t  v e l o c i t y  and  t h e n  a t  some 
p o i n t  it d e c e l e r a t e s  t o  its f i n a l  p o s i t i o n .  
88 I 
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As shown h e r e ,  t h e  j o i n t  mo t ions  f o r  a s i m p l e  s t r a i q h t  l i n e  move are complex 
f u n c t i o n s  of t i m e  b e c a u s e  of t h e  n o n l i n e a r  k i n e m a t i c  t r a n s f o r m a t i o n s .  These  
j o i n t  a n g l e s  are r e q u i r e d  as position inputs to t h e  m a n i p u l a t o r  c o n t r o l .  
sys t ems .  The T3R3 is c a p a b l e  of u s i n g  b o t h  v e l o c i t y  and a c c e l e r a t i o n  f e e d  
f o r w a r d  s i g n a l s  as w e l l .  
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The r e s u l t i n g  error i n  t h e  t i p  p o s i t i o n ,  measured from i ts  nominal p o s i t i o n ,  
i s  shown h e r e  a s  a f u n c t i o n  of t i m e .  Both t h e  response f o r  a " r i q i d "  system 
and a f l e x i b l e  system a r e  shown. I n  both  cases t h e r e  are r e l a t i v e l y  larqe 
e r r o r s  d u r i n g  t h e  a c c e l e r a t i o n  and d e c e l e r a t i o n  phases  of t h e  m a n i p u l a t o r ' s  
motion. For t h e  r i g i d  case most o f  t h e  e r r o r  can be a t t r i b u t e d  t o  t h e  
c o m p r e s s i b i l i t y  of t h e  h y d r a u l i c  f l u i d  used i n  t h e  s y s t e m ' s  d r i v e s .  The error 
of t h e  f l e x i b l e  case is s i g n i f i c a n t l y  l a r g e r  t h a n  t h a t  of t h e  r i q i d  case. An 
impor tan t  a s p e c t  t o  be noted i n  t h i s  f i g u r e  is  t h a t  t h e  t i m e  r e q u i r e d  f o r  t h e  
f l e x i b l e  manipula tor  t o  se t t le  w i t h i n  i t s  error s p e c i f i c a t i o n  of 0.25 mm a t  
t h e  end of t h e  motion i s  n e a r l y  twice t h a t  for t h e  r i g i d  l i n k  system. T h i s  
i n c r e a s e d  s e t t l i n g  t i m e  can have a very s u b s t a n t i a l  impact on t h e  p r o d u c t i v i t y  
of t h e  system i n  many p r a c t i c a l  a p p l i c a t i o n s .  I t  might a l so  be noted t h a t  t h e  
resu l t s  of t h e  s t u d i e s  p r e d i c t  t h a t  f l e x i b i l i t y  of t h e  f l o o r  on which t h e  T3R3 
i s  suppor ted  can have a very  s i g n i f i c a n t  e f f e c t  on t h e  systems performance. 
I n  f a c t ,  i f  t h e  f l o o r  c o n c r e t e  is less than  4 i n c h e s  t h i c k ,  t h e  system can 
e x h i b i t  u n s t a b l e  behavior  i n  c e r t a i n  manipula tor  p o s i t i o n s .  
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C u r r e n t l y ,  c o n t r o l  a l g o r i t h m s  are n o t  a v a i l a b l e  which w i l l  e f f e c t i v e l y  c o n t r o l  
t h e  h i g h l y  n o n l i n e a r  dynamic behavior  of f l e x i b l e  manipula tors .  S u b s t a n t i a l  
r e s e a r c h  on t h i s  problem is  now be ing  done, b u t  it is  a d i f f i c u l t  problem. 
SOLUTIONS TO FLEXIBILITY PROBLEM 
SHORT TERM: 
USE OF NEW MATERIALS AND DESIGN 
CONFIGURATIONS TO MAKE MANIPULATORS 
LIGHTER - YET MORE RIGID, 
LONG TERM: 
THE DEVELOPMENT OF CONTROL SYSTEMS 
TO COMPENSATE MANIPULATOR FLEXIBILITY - 
AND IDEALLY EXPLOIT IT TO ACHIEVE ULTRA- 
HIGH SYSTEM PERFORMANCE, 
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CONCLUSIONS 
* FLEXIBILITY CAN PLAY AN IMPORTANT ROLE IN THE DYNAMIC PERFORMANCE OF HIGH- 
PERFORMANCE MACHINE SYSTEMS. 
* EFFICIENT AND ACCURATE FEM METHODS CAN BE DEVELOPED FOR THE MODELING OF 
NONLINEAR MACHINE SYSTEMS, INCLUDING ROBOTIC MANIPULATORS. 
* THE CURRENT MANIPULATORS ARE DESIGNED TO AVOID THE PROBLEMS INTRODUCED BY 
FLEXIBILITY. HOWEVER, THIS SIGNIFICANTLY LIMITS THE PERFORMANCE OF THESE 
SYSTEMS 
* NEW CONTROL SYSTEM ALGORITHMS ARE REQUIRED TO PERMIT THE DESIGN OF 
LIGHTWEIGHT HIGH-PERFORMANCE ROBOTIC SYSTEMS. THESE CONTROL ALGORITHMS 
NOT ONLY SHOULD COMPENSATE FOR SYSTEM FLEXIBILITY BUT THEY SHOULD ALSO 
EXPLOIT IT! 
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DYNAMICS OF ARTICULATED STRUCTURES 
For purposes of this presentation, an articulated structure Is defined as 
an assembly of flexible bodies that may be coupled by kinematic connections 
and force elements that permit large relarive displacement and rotatton. 
Kinemattcs of such systems 1s defined usiqg one reference frame for each body 
in the system and deformation modal coordinates that define displacement 
Fields within flexible bodies. Defornat Lon kinematics are defined by both 
elastic vibration and static correction deformation modes. Linear clastic 
deformatton is presumed; i.e., a linesr stress-strain relation is valid and 
relative displacements within each elbstic component are small enough so that 
the theory of linear elasticity applies. CouFZtng of reference and modal 
coordinates lpads to a system of nonlinear equatfons of motion. Methods of 
automatically generattng and solving these equations of motton are outlined. 
Large Displacement and Rotations of Body Reference Frames 
(reference coordinates) 
Elastic Vibration and Static Correction Deformation Modes 
(modal coordinates: 
Coupled Nonlinear Equations in Reference and Modal Coordinates 
Automated Equation Generation and Solution 
PRECEDLNG PAGE BLANK NOT FILMED 
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EULER'S THEOREM 
Euler's theorem guarantees existence of a unit vector u about which an 
x I 'y 1 -z ' reference frame may be rotated by an angle x to bring it from a 
reference x-y-z frame to a general orientation. Components of the unit vector 
u and angle x of rotation are used to define orientation of a reference frame 
in space. 
49 2 
I 
EULER PARAMETERS 
A set of four Euler parameters is defined as p, as shown on the chart. 
These four larameters are not independent, since the vector p must be a unit 
vector in R . The direction cosine transformation matrix from the x'-y'-z' 
reference frame to the x-y-z frame is defined as shown. The quadratic nature 
of terms in the transformation matrix, as functions of Euler parameters, leads 
to attractive properties when writing velocity and acceleration equations that 
are needed in the equations of motion. Furthermore, use of Euler parameters 
avoids singular orientation difficulties that are associated with a set of 
three rotation parameters, such as Euler angles or Bryant angles [ 1 , 2 ] .  
T 2 T 2  p p - cos x/2 + u usin x/2 - 1 
0 e-An' 9 A m 2  
2 2  
=le3  + e0e2 eo + el -I/* ele2 - eoe3 
2 
e: + e2 -1/2 e e - e e e le2  + e0e3 2 3  0 1  
2 2  
e e  + e e  e 0 + e3 - 92 2 3  0 1  e e  - e e  1 3  0 2  - 
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LUMPED MASS FLEXIBLE BODY MODEL 
A lumped mass finite-element formulation is used to carry out vibration 
and static correction mode analysis of each deformable body in an articulated 
structure. A typical point Pi is defined in the undeformed state of the body 
by a constant vector rOi 
undergoes displacement ui in the body reference frame, as shown. 
masses mi at each note in the finite-element model are used in defining 
kinetic properties of the flexible body [ 3 , 4 1 .  
During the process of deformation, this point 
Lumped 
X 
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KINEMATICS 
A vector u of modal d'splacements is defined as a linear combin tion of a 
i 
set of deformation modes 4 3 , j = 1, ---,m. The displacement vector u' of point i 
in the body is provided by a projection matrix P . As noted earlier, the 
direction cosine transformation matrix for the reference frame associated with 
the body is a function of the Euler p rameters of that reference frame. 
Finally, the global position vector R of point i on the body is given as 
shown . f 
J - nodal displacement relative to reference frame 
= aj6 
0 j =j=l,-**,m - deformation modes 
- elastic displacment of mode i 
- direction cosine matrix of reference frame 
i i  u = P u  
A(P) 
P - Euler parameters of reference frame 
Ri = R + A(ri + P i j  aj+ ) 
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VIBRATION AND STATIC CORRECTION MODES 
Boundary cond€tions must be selected for characterizing deformation of 
flexible components. Since kinematic constraints on bodies in an articulated 
structure often lead to statically indeterminant sets of boundary conditions, 
a statically determinant or underdetermined set of boundary conditions is 
selected for use in vibration analysis. Unit loads associated with deleted 
kinematic constraints are used to define static correction modes [ 3 ] .  These 
calculations are carried out with any standard finite-element code that is 
capable of generating lumped mass information. Constants that will appear 
subsequently in the equations of motion are calculated using information 
generated within the finite-element code. 
Calculate Natural Vibration Modes 
Select Boundary Conditions for Flexible Components 
Calculate Static correction Modes for Deleted Constraints 
Calculate Constants for Equations of Motion 
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I KINEMATICS (continued) 
The position relationship derived earlier is differentiated to obtain the 
global velocity vector of node i in the body, as shown. The time derivative 
of the direction cosine orientation matrix yields an expression in the time 
derivative of Euler parameters as shown [ 2 , 3 ] .  The velocity vector may thus 
be written in matrix form for use in derivation of the equations of motion of 
the system. 
+i -2Er 
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i 
KINEMATIC CONSTRAINTS 
A v a r i e t y  of kinematic couplings between f l e x i b l e  bodies i s  der ived i n  
Refs. 2 and 3. J o i n t  d e f i n i t i o n  5. n. 5 .  re ference  frames are f ixed  t o  the  
deformable body t o  def ine  information requi red  t o  wr i t e  kinematic c o n s t r a i n t  
equat ions assoc ia ted  with each j o i n t  i n  the  system. 
a r e  s p h e r i c a l ,  r evo lu te ,  and un ive r sa l  j o i n t s ,  f o r  which c o n s t r a i n t  
equat ions may be found i n  Ref. 3. 
J J  
Shown on the  cha r t  below 
X 
bo 
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KINETICS 
The kinetic energy of a flexible body may be written in terms of time 
derivatives of reference frame generalized coordinates and modal coordinates, 
as shown. Since vectors ri and matrices E, G ,  and A are nonlinear €unctions 
of Euler parameters, the mass matrix of the flexible body is a nonlinear 
function of generalized coordinates, as a result of geometric nonlinearities 
in the system kinematics. c 
r 
t 
0 Lumped masses mi, i-l,*=-, n 
M =  
I 
I I 
I -2E 1 mir +i 
I 131 I i - 1  
I 
I + 2p N 1 mtri T \yi 
t i- 1 I 
I 
s ymme t r i c 
- 
I 
1 y m  +T+ i= 1 i t  t 
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FORCES 
The strain energy U of the flexible body may be written explicitly in 
terms of a modal stiffness matrix Kaa, as shown. 
through direct application of the definition of virtual work lead to nonlinear 
algebraic expressions in generalized coordinates, as shown. These forces 
include both externally applied forces and forces of interaction due to 
compliant couplings between bodies and feedback control actuators. 
Generalized forces defined 
iT 6 W =  1 F [I 
i= 1 
iT 'i 1 -2F Ar G iT 
i=l i= 1 = [  I F  I= 1 
Q: T = [QR Q3 [f3 
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EQUATIONS OF MOTION OF A SINGLE BODY 
I The equations of motion of an unconstrained individual flexible body are 
I shown below 131. The system of equations for an articulated structure that is 
made up of multiple bodies connected by kinematic constraints is developed [ 3 ]  
using the Lagrange multiplier form of multi-body system dynamics [1,2]. 
Evaluation of individual terms appearing in the coefficient matrix of 
accelerations and on the right side of the equations of motion is derived by 
expanding the expressions shown and calculating constant coefficients 
associated with deformation modes and mass distribution. 
t m 
+ 
I 
I 
I 1 2P 
I 
I 
I I 
7------- 7--  I 
I 
I 
- - I - - -  
I O  
- 
I- 
1 -2iT; J 
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CONSTANTS FROM FINITE-ELEMENT MODEL 
Nine sets of constant vectors and matrices shown are calculated, using 
data generated in the finite-element deformation analysis of each flexible 
body. These constants are computed using an intermediate processing program 
[ 4 1  
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I 
NONLINEAR TERMS IN EQUATIONS OF MOTION 
Three typical nonlinear terms appearing in the equations of motion 
presented earlier are shown here, evaluated as linear and quadratic 
expressions in generalized coordinates. All such terms are coded in a 
flexible-body module of the Dynamic Analysis and Design System (DADS) computer 
code. These terms are evaluated at every time step in numerical integration 
of the coupled system of nonlinear equations of motion. 
m 1 
503 
NUMERICAL SOLUTION 
A variable order, variable step size numerical integration algortthm is 
used to compute the solution of differential-algebraic equations of motion for 
articulated structures. Since step size and order selected by the algorithm 
reflect the error tolerance required and the frequency of oscillation that 
develops, integration cost is influenced by selection of deformation modes in 
the model. Numerical results accumulated to date [4,5] show that prudent 
selection o f  a combination of vibration and static correction modes gives 
reasonable results. Substantial work remains to be done in rational selection 
of these deformat ion modes. 
Variable Order, Variable Step Size Numerical Integration 
Integration Cost is a Function of Frequency Content 
Mixed Vibration and Static Correction Modes Give Best Results 
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FLEXIBLE HINGE DOOR EXAMPLE 
The flextble door structure shown is kinematically coupled to a body that 
is taken to be rigid ground. The revolute joints shown are misaligned so 
that there is no deformation when the door structure lies in the Y-Z plane. 
Any rotation of the door structure leads to deformation of the beam and plate 
structure of the door, which tends to bring it back to the undeformed state. 
X 
p l a t e  
8 m  
A initial r o t a t i o n  ong le  1 5 O  
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FINITE-ELEMENT MODEL OF DOOR STRUCTURE 
A modest finite-element model of the door structure, using plate and beam 
elements, is shown. 
N 2 0  N15 NIO 
I 1 1 ' N I  
N16 NII  N 6  
N * ' : Node Number * * 
P l a t 0  ; 12 ( M e m b r a n e  + Bending)  E l e m e n t s  
E = 2.0 X 10l2 N / m 2  
B e a m  ; IO B e a m  Elements a t  e a c h  b e a m  
E =  2.0 x I O "  N / m 2  
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STATIC CORRECTION MODES 
Boundary conditions for finite-element analysis are selected so that the 
center point of the bottom hinge is fixed in space and x- and y-coordinates of 
the top hinge point are likewise fixed. Five kinematic constraints are thus 
suppressed, two rotations at the bottom hinge and two rotations and one 
translation at the top hinge. Unit torques and a unit force are applied to 
calculate five static correction modes to represent deformation of the 
structure. Vibration modes are likewise calculated [4]. 
al 
L 5 ; r  q u e 
N 3 0 1  
/'\\ I 
unit torque V 
ong z-axis  ' I  ' t  
u n i t  t o r q u e  
unit to rque  I 
along z - a x i s  ' I 
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FIRST APPROXIMATE SOLUTION 
Two models were used in a preliminary analysis. The first consisted of 
only five normal vibration modes, with numerical results for the X-coordinate 
of the center of the door shown as a solid line. A five static correction 
mode approximate solution is shown with a dotted line, reflecting much lower 
frequency of vibration of the door structure. To evaluate reasonables of 
predictions, additional modes and combinations of modes are selected. 
-. - 5N SOLUTION 
.... : 5 s  SOLUTION 
0.10 
0.08 
E 0.06 
0.04 
co 
Q) 0.02 
U 
0 c 0.00 
n 
v 
Y- 
o -0.02 
x! 
0 -0.04 
0 
-0.06 
x 
-0.08 
-0.10 1 I I I I I 
0.0 0.4 0.8 1.2 1.6 2.0 
Time ( sec ) 
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1 
SECOND APPROXIMATE SOLUTION 
The nine normal mode s o l u t i o n  shown r e f l e c t s  a somewhat lower o v e r a l l  
v i b r a t i o n  frequency, but is s t i l l  unreasonable.  As shown by the  do t t ed  and 
dashed curves ,  adding four  normal v ib ra t ion  modes t o  the  f i v e  s t a t i c  
c o r r e c t i o n  modes y i e l d s  only a s l i g h t  change i n  the  p red ic t ion  obtained from 
purely f i v e  s t a t i c  c o r r e c t i o n  modes. This sugges ts  t h a t  s t a t i c  c o r r e c t i o n  
modes dominate the  dynamics of t h i s  example. 
0.10 
0.08 
E 0.06 
0.04 
aJ 
Q1 0.02 
U 
0 c 0.00 
o -0.02 
n 
v 
Y- 
2 
0 -0.04 
0 7 -0.06 
X 
-0.08 
-0.10 
- 8  9N SOLUTION 
.....: 5 s  SOLUTION 
- - - ,  * 4N5S SOLUTION 
h 
.A 
'A 
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*.\ 
*.> 
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COMPARISON OF COMPUTER SIMULATION TIMES 
As shown in the table below, retention of a substantial number of high- 
frequency normal vibration modes leads to very small step size and ultimately 
exceptionally large computer times. The computer times indicated are on a 
heavily loaded Prime 750 supermini computer. 
Comparison o f  Simulation Times 
T end CPU RMS integratton 
[ secl [ sec) tsecl 
s tepsize 
5.5 solution 2 .o 106 0.47812E-01 
5N solution 2 .o 40 1 0.90934E-02 
9N solution 2 .o 747 1 0.65035E-03 
4N5S solution 2 .o 7281 0.7 549 1 E-03 
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WINDSHIELD WIPER APPLICATION 
I The schematic shown is a model of an automotive windshield wiper 
assembly, in which the crank-link and two connecting links are taken as 
rigid. The left and right wiper arms are modeled as flexible bodies. 
mechanism is driven by applying a torque to the crank link that is a function 
of motor speed. 
The 
BODY 6(LEFT WIPER ARM) 
BODY 4 (RIGHT WIPER AR 
ODY 2 (CRANK LINK) 
REVOLUTE JOINT 
XI 
BODY I (CHASSIS) 
511 
FINITE-ELEMENT MODEL OF WIPER ARMS 
A modest Beam finite-element model of each wiper  arm is constructed as 
shown. Frict ion torque, as a function of wiper t i p  v e l o c i t y ,  is introduced as 
a force act ing i n  the system, as  shown. 
FRICTION FORCE (N) 
A 
3.0 
2.0 
1.0 
U 
N + * :  NODE NUMBER 
BEAM ELEMENTS 
512 
NUMERICAL RESULTS FOR WIPER ARM T I P  VELOCITY 
A flexible body solution shown in the solid line predicts vibration at a 
frequency of approximately fourteen cycles per second, relative to essentially 
the same gross motion predicted by a rigid body model of the windshield wiper 
mechanism. 
frequency of approximately thirteen cycles per second, very close to that 
predicted by the articulated structure model. 
Experimental results with the actual system indicate an oscillation 
-. . FLEXIBLE 
... : RIGID 
2.5 I 
2.0 
1.5 
1.0 
0.5 
0.0 
0.0 0.2 0.4 0.6 0.8 
Time ( sec ) 
1.0 
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STATUS AND DEVELOPMENTS 
The DADS flexible system dynamics code is now functioning and has been 
used to analyze a number of small and intermediate scale applications. A 
commercial version of the software is expected to be available from Computer 
Aided Design Software Incorporated, of Oakdale, Iowa. Extensions are cur- 
rently under way to enhance capability of the code to represent selected 
aspects of space structure dynamics. 
DADS Flexible Code Is Now Functioning 
A Commercial Version of The Code Will 
Be Available Late In 1985 
Extensions Are Under way To Enhance 
Capabilities For Space Structure Dynamics 
5 14 
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MODAL REDUCTION STRATEGIES FOR INTERCONNECTED FLEXIBLE 
BODIES SIMULATION 
SAS ACTUATOR - 
0 ACTUATORS: SBA, SAS, THRUSTERS SCAN 
F. 0. Eke and G. K. Man 
J e t  P r o p u l s i o n  L a b o r a t o r y  
Pasadena, CA 
- ROTOR 
(FLEX I BLE) 
THRUSTER 
INTRODUCTION 
MULTI-  BODY DYNAM I C S PROGRAMS REQU I RE CHARACTERI ZATION 
OFEACH BODY 
R I G I D  BODY: GEOMETRY AND M A S S  PROPERTIES 
FLEXIBLE BDOY 
EXACT TYPE OF INPUT DEPENDS ON PROGRAM 
ALL INVOLVE MODAL CHARACTERI ST ICS IN SOME FORM 
ALWAYS NEED FOR MODAL TRUNCATION 
SYSTEMATIZE TRUNCATION PROCEDURE 
GALILEO SPACECRAFT 
0 CLOCK CONTROLLER BANDWITCHS 0.5 Hz 
GYRO ROLLOFF FREQUENCY = 15 Hz 
NEED “ADEQUATE” MODEL OF PLANT FOR DESIGN AND SIMULATION 
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T R U N C A T I O N  C R I T E R I A  
CONTROL SYSTEM SPEC I FI CAT1 ONS CAN SET TRUNCATION 
CRITERIA AT SYSTEM LEVEL ONLY 
SYSTEM MODE WITH FREQUENCY ABOVE 15Hz CAN 
BE DROPPED 
ELIMINATE MODES THAT DO NOT INTERACT 
"STRONGLY" WITH THE CONTROL SYSTEM 
S Y S T E M  LEVEL TRUNCATION 
METHOD 
MX + Kx = F (1) 
D 
FOR RESPONSE AT i LOCATION DUE TO STEP INPUT AT 
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SYSTEM LEVEL TRUNCATION (CONT'D) 
SINUSOIDAL RESPONSE WITH PEAK-TO-PEAK AMPLITUDE TO 
(7) k 2 Xi = 2 6ik 6 A/ uk 
A MEASURE OF IMPORTANCE OF MODE K 
jk 
APPLICATION TO GALILEO 
A (1, 2, 3) 
I t 
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APPLICATION TO GALILEO (CONT'D) 
AVA I LA BLE DATA 
EIGENVALUES, EIGENVECTORS FOR UP TO 60 MODES 
PLOT MODAL INFLUENCE COEFFI C IENTS 
DISCARD MODES WITH "LOW" COEFFICIENTS 
USE BODE PLOT TO CHECK RESULTS 
M O D A L  I N F L U E N C E  COEFFIC IENTS 
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TRUNCATION AT COMPONENT LEVEL 
0 AVAILABLE 
COMPONENT "FREE-FREE" MODES 
SYSTEM MODES TO BE RETAl NED 
PROBLEM 
DETERMINATION OF "IMPORTANT CO POI ENT FREE-FREE 
MODES FROM KNOWLEDGE OF SYSTEM MODES 
SOLUTION 
RETAIN THOSE COMPONENT MODES THAT T O N T R I  BUTE 
SUBSTANTIALLY" TO IMPORTANT SYSTEM MODES 
COMPONENT LEVEL TRUNCATION (CONT'D) 
M Y t K A x A  = F A  A A  
M Y + K B x B = F B  B B  
' B =  @ B ~ B  
lq t q* = 
B B B @; FB 
(8) BODY A D.O.F. = nA 
(9) BODY B D.O.F. = nB 
COMBINED 
SYSTEM (10) 
D.O.F. = n  G ( n A  + 
MY + Kx = F 
x =  @ q  
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COMPONENT LEVEL TRUNCATION (CONT'D) 
x1 $11 G12 . 0 . . %m 
$22 4 2 m  421  
e 
X @nAl @nA2*  * @ n A m  
---------- ... .  
@n A +1, 1 '"At1 ,m 
X -- "A nA 1) . 
0 
\ 'nA+n @"i ( p n l . . . . .  2 $nt'm\\ 
PARTITION $INTO $AAND 5, 
COMPONENT LEVEL TRUNCATION (CONT'D) 
DELETE COLUMNS OF $THAT CORRESPOND TO SYSTEM MODES 
THAT WERE DROPPED 
0 REDUCED 4 MATRICES: $A AND $B 
COMPONENT LEVEL TRUNCATION (CONT’D) 
k A A,, PB NOTNECESSARILY DIAGONAL 
0 DIAGONALIZE V I A  ANOTHER MODAL ANALYSIS 
COMPONENT LEVEL TRUNCATION (CONT’D) 
W GB ARE DIAGONAL; THEY ARE ALSO SUB-MATRICES OF wA, uB A’ 
RESPECTIVELY, AND CONTAIN FREQUENCIES OF COMPONENT MODES 
TO BE RETAINED 
SIMILARLY +A = $A *A AND aB = 3, *, ARE SUBMATRICES OF 
@A AND @B, AND CONTAIN THE EIGENVECTORS OF COMPONENT 
MODES TO BE RETAINED 
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SUMMARY AND CONCLUSION 
0 D€IERMINE SYSTEM MODES TO BE RETAINED USING 
AVAILABLE CRITERIA 
MODAL INFLUENCE COEFFl C I ENTS 
BODE 
DESCEND TO COMPONENT LEVEL V I A  A TWO-PHASE DIAGONALIZATION 
PROCESS STARTING WITH SUBMATRICES OF TRUNCATED AUGMENTED 
SYSTEM MODAL MATRIX 
FUTURE WORK 
STREAMLINE SIMULATION CODES - ESPECIALLY DYNAMICS 
FORMULATION METHOD 
DEVELOP VERY EFFICIENT AND EASILY IMPLEMENTABLE 
MODEL REDUCTION STRATEGY 
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COMPUTATIONAL ASPECTS OF MULTIBODY DYNAMICS 
K .  C. Park 
Lockheed Palo Alto Research Laboratory 
Palo Alto, California 
A BSTR.4 CT 
This paper addresses computational aspects impacting the requirements for 
developing a next-generation software system for flexible multibody dynamics 
simulation which include: criteria for selecting candidate formulations. pairing 
of  formulations with appropriate solution procedures, need for concurrent al- 
gorithms to  utilize computer hardware advances, and provisions for allowing 
open-ended yet modular analysis modules. 
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Computer Implementation Tasks for Multi,body Dynamics Simulator 
A successful next-generation multibody dynamics simulator requires a careful 
e valuation o f  existing formulations and computational procedures from which 
pairing of  several candidate formulations/solution algorithms should evolve 
and. if necessary, need for new and/or improved formulations and solution 
algorithms must be identified. Concurrent with selecting formulations and 
solution algorithms, considerations must be given to  software environment 
under which the next-generation simulator will be implemented. In addition. 
the associated hardware systems and their future trend must be incorporated 
from the outset o f  the computer implementation planning stage. These aspects 
are summarized. 
Form u I a t  ion s 
Solution Procedures 
Software Environment 
Hardware Systems 
Review of Available Formulations 
Form u I a t  i o n s Accord i n g t o  : 
Bo d I ey / Fr i sc h 
Fraeijs de Veubeke 
Hooker/ M a  rgou I i s/ H o 
Kane/Likins 
Roberson/Wit ten burg 
R u sse I / J e r kov s ky 
Criteria for  Selecting Candidate Formulation 
Efficiency of the  Resulting Software Rather T h a n  
Simplicity of the  Resulting Equations of Motion 
L e t  Implementation Algor i thm Select the Generalized 
Coordinates Rather Than  Case-by-Case User Selection 
of T h e m  
5 2 9  
Review of Available Solution Algorithms 
Sti f f  Differential Integrator( Hindmarsh/Gear) 
D i ffe re n ti a I /A I g e b r a i c So I ver ( Pet zo I d / Lo ts  t ed t ) 
Pa r t i t i on ed P r oced u res ( Pa r k/ Fe I i p p a) 
Semi-Implicit Runge-Kutta methods(Chipman/Marz) 
Impact-Contact  Algor i thms 
Criteria for Selecting Candidate Algor i thms 
Reliability F i rs t ,  Then  Efficiency 
Rather Than  
Efficiency F i rs t ,  Then  Reliability 
Min imum User Decision 
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Current Software and Hardware Environment 
Most of the currently available computer programs for simulating multibody 
dynamics do not have any data base management. As such, the task of  data 
handling remains time consuming and inflexible. In particular. an addition 
of enhanced capability can present varying difficulties. However, improved 
computational efficiency has been brought about by vectorization of part of 
the programs that require intensive computations to  generate the discrete dy- 
namical equations and then installing the resulting programs in CRA Y-like 
supercomputers. 
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An Example of Challenging Deployment Task: 100-Meter Parabolic Truss 
100 m - D e  p loy ed Diameter 
Stowed Diameter - 1.36 m 
Core S t ru t  Length - 4.8 m 
Deployed Truss Depth - 
Stowed Package Length - 4.79 m 
Slenderness Rat io of S t ru ts  - 
- 
4.0 m 
- 
1069 
760 
3234 
- Number of Nodes 
Number of S t ru ts  - 
6468 - Number of Control  L inks  
Number of SI i d er Jo in ts  - 760 
Number of Revolute Jo ints  - 21,549 
- 
- 
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Desired Formulations for N ext - G en era t io n S i m u la t o r 
1. 
2. 
3. 
4 .  
5. 
System Topology M u s t  B e  Presented t o  t h e  Computer by a General Graphic 
Theory w i th  Efficient Search Algor i thms. 
Kinematic and Equil ibrium Equations o f  Individual Elements Mus t  Be Gen- 
erated by Eff icient Symbolic Manipulations. 
Necessary Transformation Matrices for Assembling the  System Equations 
M u s t  be Flexible Enough And Yet Arranged in a Form That Requires a 
Min imum User Decision and Resulting Always in Nonsingular System. 
Formulations Should Allow Assembly of System Equations Either Wi th  or 
Without Constraints as Primary Variables. 
M o s t  Impor tant  of All, Modeling of Element Flexibility Should Allow Either 
Generalized Coordinates or Finite- Element Physical Coordinates. 
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0 ut s t a n d i ng A Ig or it h mic D i fFic ult ies 
1 .  
2 .  
3. 
4. 
5 .  
6. 
7. 
Solution Matr ix for Fully Implicit A lgor i thm Becomes Nonsymmetric. 
Elimination of Constraint Forces Complicates Matr ix  Profiles. O n  the  
Other Hand, Preservation of Constraint Forces as Independent Variables 
Increases Equation Size. 
Augmentation o f  Constraint Equations Introduces Algebraic Equations 
Which Can Lead t o  Numerical Dr i f t ing in the  Solution: Stabilization Be- 
comes Impor tant .  
M em b e r F I ex i b i I i t y  a n d J oi n t Friction I n t r o d u ces H i g h - Fr eq u en cy Sol u t i  on 
Components and Sometimes Severe Nonlinearities. 
Systematic Selection o f  Independent Set of Generalized Coordinates Present 
Form i d a b le C h a I len g e. 
Determination o f  Init ial Condi t ions f rom a Known Partial Set Of Init ial 
Conditions Is Often  a Diff icult  Task. 
Finally, Matching a Particular Formulation w i th  a Most Suitable Solut ion 
Algor i thm Requires an In-depth Investigation of t h e  Combined Character- 
ist ics of the  System Equations and Numerical Algor i thms. 
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R eco m mend ed Formulation 
1. 
2. 
3. 
4. 
5. 
6. 
D u a I For mu  1 a t  ion s : 
Newton/Euler for Rigid Bodies. 
Lag r a n g e / Va ria t io na I for F I exi b le Bod  ies 
Reference Frames: 
B o t h  Kinematically and Dynamically Specified 
System Variables: 
Absolute Velocity for Dynamically Specified Su b-systems. 
Re1 a t  i ve Ve I oci t y  for K i n ema t ic a I I y S p ec i f i ed S u b- sy stems . 
Generalized Momentum for Some Complex Sub-systems. 
Lagrange Mult ipl iers for Closed Loops and Kinematic Constraints. 
System Topology: 
Index L is ts ,  Depth-First  and Width-F i rs t  Search Algor i thms 
Treat men t Con s t r a in t s : 
Consistency Conditions for Kinematics and Closed LOOPS. 
Part i t ioning Algor i thms for Parallel Computations. 
Equation Generation: 
Numercial/Symbolic Calculations. 
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R eco m mend ed Coni p u t a t io n al A lgori t h ms 
1. 
2. 
3. 
4. 
4.  
Integrators: 
Semi-Explicit Methods for Rigid Bodies. 
Semi-lmplicit Methods for Flexible Bodies. 
Rotat ion Update: 
4-Parameter Euler Transformation 
Euler-Rodrigue Rotat ion Matr ix .  
For Systems wi th  Constraint Index 2 2: 
S peci a I Eq u a t ion A u  g menta ti on. 
Constraint Stabilization. 
Provisions for Penalty Methods for Handling Constraint Equations. 
Concurrent Computations: 
Part i t ion i n g Strategies . 
Softwa re Con sid era t ions. 
Minimal Communications Algor i thms. 
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C O N S T R A I N T  E L I M I N A T I O N  
I N  O Y N A M I C A L  SYSTEMS 
R. P. Singh and P. W. Likins* 
DYNACS Engineering Company, Inc 
Clearwater, FL 
T H E M E  
Large Space Structures (LSS) and other dynamical systems of current interest 
are often extremely complex assemblies of rigid and flexible bodies subjected 
to kinematical constraints. This paper presents a formulation of the govern- 
ing equations of constrained multibody systems via the application of singular 
value decomposition (SVD). The resulting equations of motion are shown to be 
of minimum dimension. 
The motivation for this work was the development of a generic computer program 
for simulating space structures an? similar electromechanical systems amenable 
to mathematical representation as a set of flexible bodies interconnected in a 
topological configuration. This representation may include closed loops of 
bodies, prescribed motion, or other constraints that may qualify as simple 
monholonomic. The equations of motion appropriate for a set of flexible bodies 
in an open loop configuration appear in Refs. 1, 2 .  A computer program 
(TREETOPS) developed to simulate the dynamic response of flexible structures 
in a topological tree configuration is described in Ref. 3 .  The SVD technique 
of the present paper is being incorporated in an extension of the TREETOPS 
program that permits application to constrained systems. This extension 
permits direct use of the dynamical equations for the less constrained system 
in Refs. 1, 2 ,  with augmentation by kinematical constraint equations and re- 
duction of dimension by SVD. 
Basically, there are two conceptual approaches to solving the equations of 
motion of such systems. (1) One can introduce unknown forces and torques at 
the interfaces between constrained bodies (often accomplishing this symbolical- 
ly with Lagrange multipliers), and then solve the dynamical equations simul- 
taneously with the constraint equations to determine the constraint forces and 
torques as well as the kinematical variables, Ref. 4 .  ( 2 )  Alternatively, one 
can use the constraint equations to reduce the dimension of the system of 
dynamical equations to be solved by partitioning generalized coordinates, Refs. 
5, 6. Techniques presented in Refs. 4 ,  5, 6 may encounter numerical singular- 
ities. Also, systems undergoing large motion may present problems of 
inconsistency in the constraints such as three-dimensional loops during the 
system motion becoming two dimensional or one-dimensional loops. In what 
follows, the SVD method will be shown to avoid mathematical singularities. 
*Lehigh University, Bethlehem, PA. 
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C O N T E N T S  
Singular Value Decomposition: Orthogonal decomposition of an mxn matrix L by 
singular value decomposition is closely related to the eigenvalue-eigenvector 
decomposition of the symmetric positive semidefinite matrices L L and LL . 
Let rsm be the rank of L. Then there are orthogonal matrices U and V of order 
mxm and nxn rexpectively such that 
T T 
UTLV = r" Ol (1) 
where C = diag (A1, X2,....,Xr) and X L X  > .lXr>O. 1 2-" 
The diagonal elements of the decomposition are called the singular values of 
the matrix L. The singular values are unique, although U and V are not. 
It is easy to verify that 
T T  2 V L LV = diag ( C  , 0) ( 2 )  
2 2 T 
Thus (A1, ...., A 
descending order and the requirement that A. be nonnegative completely 
determines the A 
has a multiple eigenvalue X >O, the corresponding columns of V may be chosen 
as an orthonormal basis for the space spanned by the eigenvectors corresponding 
to X * 
) must be the nonzero eigenvalues of L L arranged in the r 
T1 The eigenvectors of L L are the columns of V. If LTL 
2 
i '  
2 
From eq. (1) 
L = usv T 
Now with proper partitioning of U and V eq. ( 3 )  can be expressed as 
From the above one obtains 
-1 u1 = LV1 c 
( 3 )  
(51 
Thus once V is chosen U is obtained by eq. (5). The matrices U and V may 1 1 2 2 
be any matrices with orthonormal columns spanning the null spaces of LT and L, 
respectively. It is worthwhile to mention that the null space of L is the 
space of all vectors x such that 
538 
Lx = 0 (6) 
+ 
With the orthogonal decomposition given by eq. ( 3 ) ,  an nxm matrix L , called 
the pseudoinverse of L, is defined by 
+ 
L is uniquely defined by L; it does not depend on the particular orthogonal 
decomposition of L. 
Application of SVD to Dynamical System with Constraints: 
comprise a set of generalized coordinates that fully defines the configuration 
of the dynamical system. The equations of motion of the system can be written 
as 
Let q = ql, ....,qn 
where the elements of nxn matrix M are functions of q's and the inertia pro- 
perties of the system; the elements of nxl column vector F are functions of q's, 
their time derivatives 4 ' s  and applied forces (moments) on the systems. If 
the generalized coordinates are related by constraint equations then they are 
not independent and the right hand side of eq. (8a) will also include the non- 
working forces of constraints. Let the unknown constraint forces be denoted 
Fc. 
the following form 
Now for the general case of constrained dynamical system, eq. (Ea) takes 
M{ = F + FC 
Suppose however that the constraint equations can be written as 
A 4  = B (9)  
where A is of dimension mxn (m<n) and B is an mxl column vector. 
Holonomic constraint equations can always be placed in the f o r m  of eq. (9) and 
nonholonomic constraints in the class called Pfaffian or simple have this 
structure also. 
If the rank of matrix A is rlm then r of the kinematical variables in q are 
related by eq. (9) and there are only n-r independent generalized coordinates. 
In other words the dynamical system possesses n-r degrees of freedom. 
The SVD of the mxn matrix A provides 
T 
A = USV (10) 
The orthogonal matrices U and V (of dimension mxm and nxn, respectively) are 
partitioned as 
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L J 
where U and V are respectively mxr and nxr matrices; U and V are respec- 
tively mx(m-r) and nx(n-r) matrices. Note that r is the rank of A. 
1 1 2 2 
Because AV = 0, eq. (9)  is satisfied by 2 
4 = A+B + v 2 2 (13) 
for any vector i, A+ is the pseudoinverse of A. 
reduced set of (n-r) coordinates. 
We shall refer to z as the 
Differentiation of eq. (9)  with respect to time yields 
.. .. . 
Aq = -Aq+B 
or, A{ = B' (14) 
Following eq. (13) express 6 in terms of 2 as 
.. 
(15) 
Note from eq. (13) or eq. (15) that V maps the n kinematic variables 4 (or 4) 
.. + q = A B' + V2z 
2 
to n-r variables t (or z ) .  
is given as 
Thus a consistent set of equations of motion in E 
T T T c  T +  V M V ; = V F + V  F - V  MAB' 2 2  2 2 2 (16) 
The coefficient of E is a symmetric positive definite matrix with the charac- 
teristic of an "inertia matrix" for the reduce? set of coordinates z .  
With the Lagrange multiplier method, F is established via (see Ref. 4) C 
T F ~ = A ~  
where (I is the column vector of Lagrange 
Premultiply eq. (17) by V2 to obtain the T 
T T  VTFC = V2A a 
(17) 
multipliers. 
following 
T = (AV2) a 
= o  
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! 
Thus it is seen that the nonworking constraint forces make no contribution to 
the equations of motion (eq. (16)) and need not be recorded. 
Employing the transformations given by eqs. (13) and (151, the minimum 
dimension governing differential equations of motion are given by 
T T T +  V M V i = V F - V  MAB' 2 2  2 2 
and 
+ ; = A B + V ;  2 
(19) 
(20) 
This method eliminates the forces of constraints which when included serve not 
only to enlarge the dimension of the dynamical system but also quite often 
introduce computational problems. 
A C K N O W L E D G M E N T  
An excellent treatment of the computational efficiency of the SVD is given 
in Ref. 7. 
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NONLINEAR CHARACTERISTICS OF JOINTS 
AS ELEMENTS OF IWLTI-BODY DYNAElIC SYSTEMS 
Edward F. Crawley 
Space Systems Laboratory 
Aeronautics and Astronautics 
Massachusetts Institute of Technology 
Cambridge, Mass. 
Introduction 
As the connecting elements in Multi-Body structures, joints play a pivotal role 
in the overall dynamic response of these systems. Obviously, the linear stiffness 
of the joint strongly influences the system frequencies, but the joints are also 
likely to be the dominant sources of damping and nonlinearities, especially in 
aircraft and space structures. The general characteristics of such joints will be 
discussed. Then the state of the art in nonlinear joint characterization 
techniques will be surveyed. Finally, the impact that joints have on the overall 
response of structures will be evaluated. 
PRECEDING PAGE BLANK NOT FILMED 
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Although somewhat difficult to assess, the rough order of magnitude 
of various dissipative mechanisms is shown (based on critical damping 
equaling unity). In Earth-based structures, transmission l o s ses  probably 
dominate. But in aeronautical structures, dissipation in joints begins to 
become more important. In space, in the absence of transmission losses, 
joints dominate the passive dissipation mechanisms. 
ORDER OF MAGNITUDE OF STRUCTURAL DISSIPATIVE MECHANISMS 
EARTH AERO SPACE 
SUPPORT TRANSMI ss I ON 
AEROACOUSTIC TRANSMISSION 
MATERIAL DAMPING 
JOINT DAMPING 
ACTIVE CONTROL 
10-1 
10-2 
0 
10-2 
0 
0 
10-1 
n 
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The potential nonlinear characteristics of a space structure are 
compared with the stiffness (normalized to unity). In the absence of 
yielding, material nonlinearities will be on the order of fractions 
of a percent. Geometric large deflection, at least in the flexible 
modes, is small. Therefore the strong nonlinearities of the joints are 
again likely to dominate. 
ORDER OF MAGNITUDE OF SPACE STRUCTURAL NONLINEARTTIES 
MATERIAL STIFFNESS 
GEOMETRIC LARGE DEFLECTION 
GEOMETRI c J O I  NT NONLINEARITY 
MATERIAL DAMPING 
10-3 
10-3 
n 
10-1 
THEREFORE JOINTS ARE THE LARGEST SOURCE OF PASSIVE 
DAMPING AND NONLINEARITY, 
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The overall characteristics of material damping, listed below, 
coupled with the fact that the material damping is likely to be 
one-half to one order of magnitude less than joint damping, tend to 
make this a relatively less critical area in modeling. 
l\lATER I A L  DAMP I NG CHARACTER I S T I  CS 
0 DISTRIBUTED W I T H  S T I F F N E S S )  THEREFORE MODAL 
DAMPING I S  PROPORTIONAL) MODES ARE REAL AND 
UNCOUPLED 
0 ONLY WEAKLY NONLINEAR, THEREFORE APPROXIMATE, 
MODELS ARE S U F F I C I E N T L Y  ACCURATE 
0 HAS OR I GI NS I N REASONABLY WELL- UNDERSTOOD 
MECHANISMS) E i G i j  THERMAL TRANSPORT) P L A S T I C I T Y  
0 IS DEPENDENT ON GLOBAL FREQUENCY) AMPLITUDE 
TEMPERATURE AND H U M I D I T Y  ENVIRONMENT 
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The corresponding characteristics of joints, their discrete 
locations, strongly nonlinear behavior, and somewhat obscure micro- 
mechanics, make this a more challenging area for modeling. Despite 
frequent attempts in the history of aerospace technological develop- 
ment, no unified analysis approach to this modeling has been developed. 
J O I N T  CHARACTERISTICS 
0 NOT DISTRIBUTED) BUT OCCUR AT DISCRETE LOCATIONSJ - 
THEREFORE MODAL DAMPING IS NOT PROPORTIONALJ AND 
MODES ARE LINEARLY COUPLED AND COMPLEX 
0 STRONGLY NONLJNEARj THEREFORE MODES STIFFEN AND 
COUPLE NONLINEARLY 
0 HAS ORIGINS I N  RELATIVELY POORLY UNDERSTOOD MECHANISMS) 
EmC;,j MICROSLIP FRICTION, IMPACTING 
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To gain some insight into this difficulty, it is useful to look 
at several proposed joint geometries for deployable space structures. 
Note that the geometries are all quite different, but all have several 
characteristics in common. There must be some amount of play in the 
joint to allow for assembly but some stiffening or locking mechanism 
to make the joint fixed when deployed. This combination of play and 
fixity leads to the impacting and nonlinear stiffness typical of such 
joints. 
TYPICAL JOINT DESIGNS FOR DEPLOYED SPACE STRUCTURES 
COLUMN JOINT 
W T M R f  A D f D  R O D  
B A L L - V  
UNlOh 
L I T C ~  
a. LaRC SNAP-JOINT UNION b. RI BAU/SOCKET CONNECTOR 
~~ 
P.ICLIVER 
?IN GROOVI \ 
AUTOMCllC COUPLER 
C. MIT  CLUSTER SUP-JOINT d. VOUGHT QUICK-CONNECT COUPLER 
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Not only do the properties of joints depend on the overall 
geometry of their design, but these properties depend on a number 
of details. The surface of the contacting elements can depend, 
for example, on the quality of machining, the load and wear history, 
and the duration on orbit. Even nominally identical joints can have 
a statistical variation due to manufacturing tolerance. Therefore, 
in realistic assemblies, direct calculation of properties is somewhat 
unproductive. 
o JOINT PROPERTIES DEPEND ON VERY LOCAL DETAILS 
1, SURFACE FINISH) LUBRICATIONJ OUTGASSING 
AND OXIDATION 
2, WEAR AND TRIBOLOGY 
3 ,  PRECISION OF FIT AND ALIGNMENT 
4, PRELOAD AND INITIAL DEFORMATION 
5,  LOCAL THERMAL DEFORMATIONS 
o JOINTS OF IDENTICAL MATERIALS CAN HAVE VERY 
DIFFERENT BEHAVIOR 
o NOMINALLY IDENTICAL JOINTS MAY HAVE A STATISTICAL 
VARIATION IN BEHAVIOR 
THEREFORE THE DETAILED CALCULATION OF JOINT CHARACTERISTICS 
FROM FIRST PRINCIPLES IS UNPRODUCTIVE, 
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A more common approach to characterization is a hybrid of simplified 
A set of experiments is run, yielding some modeling and experimentation. 
data on the force transmission of the joint. Concurrently, several 
postulated models of the joint are developed. Often this is somewhat 
interactive, i.e., after the data are evaluated, refined models are 
postulated. The force characteristics, or structural response of the 
postulated model, is then compared with the experimental data, and 
some fit of the model to data is performed. Based on this fit, the 
parameters of the model are available for use in the overall structural 
model. 
EXPERIMENTAL 
MEASUREMENTS 
ALTERNATIVE TO DIRECT CALCULATION 
- 
POSTULATED 
JOINT MODEL 
OF MODEL 
TO DATA 
CHARACTERIZATION 
IN TERMS OF FIT 
PARAMETERS 
i 
INPUT TO STRUCTURAL 
MODEL 
550 
A numher of different models of joint behavior can be postulated. 
Three of the common ones are shown below. The first is Coulomb friction, 
in which the normal force, and therefore the frictional drag force, remains 
constant. In displacement dependent friction, the normal and frictional 
drag forces vary with displacement. This model is probably more realistic 
for jointed trusses in the absence of thermal and gravity loads. When the 
deadband closes, impacting occurs, and a sharp jump in damping and stiff- 
ness (not shown) occurs. 
EXAMPLE POSTULATED PI ECEWI SE LINEAR MODELS 
COULOMB FR I CT I ON 
DISPLACEMENT DEPENDENT 
FRICTION [ l l  
IMPACT I NG 
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The p r i n c i p a l  c h a r a c t e r i s t i c s  of four  procedures  f o r  i d e n t i f i c a t i o n  
of nonl inear  elements are shown. The f i r s t  two are ex tens ions  of tech- 
niques developed f o r  l i n e a r  systems and are more e a s i l y  extendable  t o  
multi-dof-models. However, they are probably only appropr i a t e  f o r  weak 
n o n l i n e a r i t i e s .  The l a t t e r  two are c u r r e n t l y  l i m i t e d  t o  single-dof systems, 
but  can handle  s t ronge r  n o n l i n e a r i t i e s .  A more d e t a i l e d  explana t ion  of 
each w i l l  fol low.  
EXPERIMENTAL IDENTIFICATION PROCEDURES 
DoF -PROCEDURE MEASUREMENT DOMAIN OF FIT NONLINEARITY 
FREQUENCY DOMAIN 
WEAK SEVERAL MODAL IDENTIFICATION (21 F j  x vs w FREQUENCY 
(EWINS,IMP,COL,) 
TRANSIENT TIME 
DOMAIN 131 
(HORTA, JUANG, LARC) 
CLASS I CAL FORCE- 
DISPLACEMENT [41 
( S O N I ~  UDRI) 
FORCE-STATE [ 5 I 
(CRAWLEY, !IT> 
F j  x vs T 
F vs x 
F vs X j  
T IME WEAK 
PARTIAL  STATE STRONG 
SPACE 
STATE SPACE STRONG 
SEVERAL? 
ONE 
ONE 
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The extended frequency domain modal identification procedure was 
developed simply to uncover the presence of nonlinearities in modal 
test data. Therefore, the output is limited to indications of the 
presence, strength and type of nonlinearity. It is best used as a 
diagnostic tool in checking the consistency of test data. 
EXTENDED FREQUENCY DOMAIN MODAL PROCEDURE [21 
POSTULATE NONLINEARITY AND CALCULATE LOSS FACTOR 
USING NYQUIST PLANE RESPONSE 
MEASURE RESPONSE AT RESONANCE AND CALCULATE LOSS 
FACTOR 
IF LOSS FACTOR IS INCONSISTENT (I I E I I NOT CONSTANT) 
CHOOSE POSTULATED NONLINEARITY WHICH BEST FITS 
OBSERVED BEHAVIOR 
OUTPUT - APPROXIMATE INDICATION OF TYPE AND DEGREE 
OF NONLINEARITY IN MODAL RESONANCE,  
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The technique is a direct extension of the procedure for extracting 
frequency and loss factor parameters from transfer functions, as presented 
in the Nyquist plane (b). A simple, single-dof response appears as a 
perfect circle in this representation, tangent to the real axis at the 
origin. 
sence of multiple poles). 
by choosing pairs of points about w forming a matrix of computed values. 
Figure (c) is a graphical representation of loss factor calculated on this 
matrix. For a linear system, this surface would be flat. The shape shown 
is typical of a system with Coulomb friction. 
CALCULATED FREQUENCY RESPONSE ( A )  AND NYQUIST REPRESENTATION ( B )  FOR A SDOF 
SYSTEM WITH COULOMB FRICTION.  
OF FREQUENCY SPREAD ABOUT THE RESONANCE. 
Any deviation from this circle is due to a nonlinearity (o r  pre- 
The loss factor (damping ratio) can be calculated 
0' 
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Likewise, the existing time domain techniques are extensions of 
techniques developed for linear systems. These techniques generally 
examine the transient free response to extract system mode shapes and 
frequencies. Weak nonlinearities appear as a frequency with a number 
of higher harmonics. Each type of nonlinearity has such a signature. 
EXTENDED EIGENSYSTEM REALIZATION ALGORITHM [31 
0 POSTULATE NONLINEARITY AND CALCULATE FOURIER 
CONTENT OF TRANSIENT FREE RESPONSE 
0 MEASURE FREE RESPONSE AND IDENTIFY FOURIER 
CONTENT W I T H  ERA 
0 COMPARE MEASURED HIGHER HARMONIC CONTENT OF 
OF MODAL RESPONSE W I T H  SIGNATURES OF POSTULATED 
N O N L I  N E A R I T I  ES 
0 OUTPUT - APPROXIMATE I N D I C A T I O N  OF TYPE AND DEGREE 
OF N O N L I N E A R I T Y  I N  RESPONSE, 
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Four example cases are shown, all typical of a stiffening or softening 
spring. The Fourier components of the free response of such a spring in a 
spring mass system were calculated. The calculated response was also fed 
as simulated data to the ERA program and the harmonics of the response 
calculated. Good capability to reconstruct the signature of a known non- 
linearity is shown. However, the recognition of the signature of an unknown 
nonlinearity is still under development. 
FOUR GENERIC NONLINEAR JOINTS (A)  AND 
THE FOURIER CONTENT OF THEIR TRANSIENT 
DECAY FROM A N A L Y S I S  AND ERA I D E N T I F I C A T I O N  
OF COMPUTED RESPONSE ( B l I  
Case 4 Case 3 Case 1 Case 2 
COMPONENT AMP. FREQUENCY Hz . 
C A S E  NO. E R A  A N A L Y  S I S ERA F I N A L Y S I S  
0.135 
1 0.404 
0.673 
0.125 
2 0.375 
0.625 
0.096 
3 0.289 
0.482 
0.456 
4 l.Z.69 
2.281 
0.134 
0.403 
0.672 
0.125 
0. z75 
0.625 
0.096 
0.289 
0.482 
0.456 
1.Z69 
2.281 
0.986 
0.015 
-0.002 
0.979 
0.023 
-m.003 
1.050 
-0.055 
0.006 
0.961 
0.0Z8 
0.001 
0.987 
0.015 
-0. om2 
0.979 
0.02; 
-0.003 
1.050 
-0.0;5 
0.006 
0.961 
0.058 
0.001 
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The classical  approach t o  the  problem is ,  of course ,  t o  simply put  a 
j o i n t  i n  a t e s t i n g  machine and develop force-s t roke d a t a ,  as shown on t h e  
next  page. From such d a t a  secant  modulus and average loss f a c t o r  can be 
ca l cu la t ed .  The l i m i t a t i o n  is  t h a t  such p r o p e r t i e s  are a l r eady  smeared, 
o r  averaged over  t h e  s t r o k e ,  and no tangent  or po in t  p r o p e r t i e s  can be 
determined. Fu r the r ,  t h e  dependence of t h e  f o r c e  on t h e  ra te  of change 
of s t r o k e  i s  l o s t .  
QUASI -STEADY FORCE DEFLECTION PROCEDURE 41 
0 POSTULATE NONLINEARITY AND CALCULATE ITS F vs x 
BEHAVIOR 
0 MEASURE F vs x BEHAVIOR FOR ONE xMAX AND a, AND 
CALCULATE EFFECTIVE ST IFFNESS AND LOSS FACTOR 
0 REPEAT AT DIFFERENT AMPLITUDES AND FREQUENCIES 
0 OUTPUT - EFFECTIVE ST IFFNESS AND LOSS AS A 
FUNCTION OF FREQUENCY AND AMPLITUDE, 
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TYPICAL FORCE-STROKE CYCLES OF THE 
THREE STRESS RESULTANTS OF A J O I N T  
AT ONE LOAD AND FREQUENCY, 
A X I A L  TENSION TRANSVERSE B E N D I N G  INPLANE B E N D I N 5  
5 5 8  
The force-state mapping procedure is designed specifically to identify 
strong nonlinearities in joints and addresses the two limitations of the 
classic Force-Stroke measurement. 'She dependence of transmitted force on 
both displacement and velocity is explicitly determined, and local or tangent 
values produced. 
systems. 
At the current time the procedure is limited to single-dof 
FORCE-STATE ~V~APPING PROCEDURE 6 1  
0 POSTULATE NONLINEARITY AND CALCULATE 
F VS X I  BEHAVIOR 
I 
0 MEASURE F vs x, x OVER EXPECTED RANGE 
0 FIT POSTULATED SURFACES TO DATE IN 
FORCE-STATE SPACE 
0 OUTPUT: 
1, RAW DATA FOR DATA LOOK-UP 
2, GLOBAL FIT PARAMETERS FOR ANALYTIC 
REPRESENTATION 
3 ,  LOCAL EQUIVALENT SECANT MODULI 
FOR L INEARIZED REPRESENTATION 
I 
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The force-state maps of three simple systems are shown. 
produces a plane with a slope against x, but no change in 5 .  
viscous damper would produce a plane with a slope against x, 
change in x. Thus any linear element (i.e., spring and damper) will have 
a map which is a flat plane in force-state space. 
plane is indicative of a nonlinearity. 
A spring (a) 
A linear 
and no 
Any deviation from a 
Two common nonlinearities are shown in (b) and (c). The cubic spring 
nature is clear in fig. (b). 
which is independent of x, and takes on the sign of the velocity. 
Figure (c) shows the map of Coulomb friction, 
FORCE-STATE MAPS OF : 
A )  LINEAR SPRING 
B) CUBIC SPRING 
c) COULOMB FRICTION 
1 
- r - 
o z  
L 
1 
1 0 
VELOCITY I d s )  
(B) 
1 
ORIG1NAL PAGE IS 
OF POOR QUALITY 
The force-state maps of a real joint are shown below. The joint is 
of a quick-disconnect-pin and clevis type, similar to the Vought connector 
shown earlier. The figures on the left (a and b) show the characteristic 
without a stiffening sleeve. Note the step at equals zero, indicative 
of friction. With the addition of a sleeve, the joint becomes stiffer 
(note the change in vertical scale), and the cubic stiffness of the sleeve 
begins to dominate. A strong dissipative nature is still obvious from the 
hysteresis loops in fig. (d). 
THE FORCE-STATE AND FORCE-DISPLACEMENT 
CURVES OF A CLEVIS-PIN-TYPE CONNECTOR 
WITHOUT (A AND B) AND WITH (C AND D) 
A REINFORCING SLEEVE, 
I - 
m 
0 
0 
0 
0 
m 
- 
20 
-0 
0 
.- 250.4 
2 2 : " ; ;  . .  
0 0 0 0 0  
0 ,  
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I n  a n  e f f o r t  t o  f i t  a p o s t u l a t e d  model t o  t h e  d a t a  on t h e  p r e v i o u s  
page ( i . e . ,  t h e  j o i n t  w i t h  s l e e v e ) ,  t h r e e  s u c c e s s i v e l y  r e f i n e d  models 
were used.  
matches t h e  shape b u t ,  of c o u r s e ,  h a s  no d i s s i p a t i v e  n a t u r e .  The a d d i t i o n  
of  f r i c t i o n  i n t r o d u c e s  t h e  c lass ic  h y s t e r e c t i c  s t e p .  
i n t r o d u c t i o n  of l i n e a r  damping, t h e  measured d a t a  are c l o s e l y  reproduced.  
I n  f i g .  ( b ) ,  a c u b i c ,  p l u s  l i n e a r ,  s p r i n g  t e r m  approximately 
F i n a l l y ,  w i t h  t h e  
SUCCESSIVE APPROXIMATIONS OF ACTUAL DATA (A) BY A C U B I C  S P R I N G  (B), 
CUBIC SPRING, PLUS FRICTION (C) AND CUBIC SPRING, FRICTION AND LINEAR 
DAMPING (D), 
200 
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-iw 
, 
7 
i 
1 
1 
1Do 
1¶a 
100 
m 
0 
-¶a 
-1 m 
-1% 
-2w 
-im 
4.003 4 .001  0.w1 O m J  
I 
-loo 1 / 
-no , 
I 562 
The requirements for efficient computation place several requirements 
on the identification scheme. It is highly desirable t o  have available 
the force-state information for direct pseudo-force computation. 
COMPUTATIONAL CONSIDERATIONS [61  
0 THREE COMPUTATIONAL APPROACHES TO INCLUDING 
THE JOINT NONLINEARITY CAN BE CONSIDERED 
1, HOMOGENEOUS NONLINEARITY, EXPLICIT OPERATOR 
2 0 HOMOGENEOUS NONLINEARITY) IMPLICIT OPERATOR 
3, PSEUDO-FORCE REPRESENTATION [71 
0 IN ALL THREE) BUT ESPECIALLY IN THE PSEUDO-FORCE 
METHOD) IT IS NECESSARY TO HAVE THE JOINT CHARAC- 
TERISTIC IN TERMS OF JOINT STATE VARIABLES, 
O IF ONLY AVERAGE) OR SECANT PROPERTIES ARE KNOWN, 
THEN CONSIDERABLE ITERATION IS REQUIRED, AND 
TRANSIENT ANALYSIS MAY NOT BE ACCURATE, 
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As an example problem, a four-bay truss, connected by joints, is 
modeled as a four segment beam, pinned in translation. In rotation it 
is constrained by a linear spring and damper. 
EFFECTS OF JOINTS ON MODAL PROPERTIES 
MODEL A CONNECTED 2-D TRUSS 
AS A PINNED BEAM OF ELEMENTS WITH 
ROTARY SPRINGS AND DAMPERS, 
/ 
I 
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When the  n a t u r a l  f requencies  of t he  system are p l o t t e d  ve r sus  
nondimensional j o i n t  s t i f f n e s s ,  t h e i r  t r ends  are apparent .  O f  course ,  
a l l  modes s t i f f e n  as k i s  increased .  Some modes, such as # 4 ,  are only 
s l i g h t l y  a f f e c t e d ,  while  o t h e r s ,  such as #7 ,  are s t rong ly  a f f e c t e d .  
The lowest e i g h t  modes are asymptotic t o  a cons tan t  frequency, while  t he  
h ighes t  t h r e e  cont inue t o  r ise as k i nc reases .  
STIFFENING EFFECTS OF JOINTS AS A FUNCTION 
OF K ~ ~ ~ ~ ~ '  
FREQUENCY vs JOINT STIFFNESS 
0 
0 4 0 12 16 20 24 28 
JOINT STlFFNESS [ k / (El/L) ] 
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The addition of linear joint damping has some surprising results. 
Note that in only three modes, 7, 10 and 11, is the damping roughly 
proportional, i.e., the pole is driven t o  the real axis. In most modes, 
the root damps, then asymptotically stiffens and loses damping. 
mode, # 9 ,  the frequency drops. 
In one 
LOCUS OF ROOTS FOR INCREASING LINEAR 
JOINT DAMPING, FOR KjOINT = 0 , 3  E1/R 
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Finally, this figure shows an interesting application of the force- 
state map to Earth testing of space structures. Suppose a structure was 
suspended in one gravity in such a way that the gravity load caused a 
steady deflection. The small displacement vibration would then take place 
about this "Earth IC," and would have the effective stiffness and damping 
shown. In space, in the absence of gravity loads, there would be no steady 
deflection and the effective K and C would be about a "Space IC," as shown. 
For a generally nonlinear joint, these properties could be completely dif- 
ferent from those of the Earth test, leading to differences in dynamic 
behavior on orbit when compared to those measured on Earth. 
USE OF THE FORCE-STATE MAP TO DETERMINE 
THE E F F E C T I V E  S T I F F N E S S  AND DAMPING I N  A 
J O I N T E D  STRUCTURE, AS WOULD BE MEASURED 
ON EARTH AND I N  SPACE, 
F - M A  E 
I 
FECTIVE K AND C 
l I , I l  
I 1  I 
I 
I ,  1 I I  I /\ DISPLACEMENT EARTH IC 
I 111% 
SPACE IC 
/dGW 
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SUMMARY 
0 DETAILED MODELING OF MICROMECHANICS 
OF THE JOINT NOT PRODUCTIVE 
0 DEVELOPMENT OF SIMPLE GENERIC MODELS 
USEFUL 
e I M P R O V E D  N O N L I N E A R  IDENTIFICATION 
NECESSARY, 
568  
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Frfday, June 21 - MULTI-BODY DYNAMICS 
Q u e s t i o n s  and Answers Fo l l ow lng :  
S t ruc tu res ' '  by Keto  Soosar 
"Appl i c a t i o n s  o f  Mu1 t i - b o d y  Dynamics t o  Space 
G e r a l d  Goudreau, Lawrence L ivermore N a t i o n a l  Labora to ry :  Before we s e t t l e  on 
one code, a t  l e a s t  a y e a r  i s  needed t o  g i v e  a l l  p a r t i e s  a chance t o  so l ve  some 
benchmark problems. 
problems which r e s u l t s  i n  m i d d l e - t o - l a r g e  s i z e  s t r u c t u r a l  models and which a re  
p o r t a b l e  f a s h i o n  so t h a t  a l l  i n t e r e s t e d  p a r t i e s  can use them. L e t  me add t h a t  I 
d o n ' t  t h i n k  o f  t h e  modes coming from a s t r u c t u r a l  program as f u l f i l l i n g  t h e  por-  
t a b i l i t y  c r i t e r i o n .  Rather, t h e  b a s i c  f i n i t e  element model on a magnetic tape 
w i t h  f u l l  f o r m a t i n g  d e f i n i t i o n  f u l f i l l s  t h e  p o r t a b i l i t y  c r i t e r i o n .  
I would encourage t h e  task  o f  d e f i n i n g  some benchmark 
Soosaar: I agree t h a t  i t ' s  d i f f i c u l t  t o  g e t  u s e f u l  benchmark problems i n t o  t h e  
research  community. You can beg in  w i t h  ext remely s imp le  problems b u t  they won' t  
address system l e v e l  c o m p l e x i t i e s .  And when you  g e t  t h e  system l e v e l  comp lex i t y  
t h a t  tends t o  overwhelm t h e  researcher.  We have t o  pursue l a r g e  problems i n  t h e  
research  community because t h i s  w i l l  f o r c e  o t h e r s  t o  t h i n k  about  them. The 
q u e s t i o n  o f  where a model i s  p h y s i c a l l y  v a l i d  i s  a p p r o p r i a t e .  
s i t u a t i o n s  where i t  w o n ' t  be. 
There a r e  many 
Ed Haug, U n i v e r s i t y  o f  Iowa: 
p o i n t s .  
s i n g l e  a l l  purpose code i s  t h e  answer. 
which p r o v i d e s  c r o s s - t a l k  between codes i s  requ i red .  
would l i k e  t o  r a i s e ,  (and t h i s  i s  s e l f  c r i t i c i s m ) ,  i s  t h a t  t h e  e f f e c t s  o f  geo- 
m e t r i c  n o n l i n e a r i t y  o f  these mu l t i - body  systems i s  c h i l d ' s  p l a y  compared t o  t h e  
n o n l i n e a r  p r o b l g n s  o f  t h e  hydro-code d i s c i p l i n e  where n o n l i n e a r  m a t e r i a l  
behav io r  i s  t r e a t e d .  
c u l t ,  b u t  we need t o  move o u t  and g e t  some t h i n g s  done. 
Keto, I ' d  l i k e  t o  agree w i t h  you  and make two 
F i r s t ,  we need t o  do a l o t  of work, b u t  i t ' s  n o t  c l e a r  t o  me t h a t  a 
I t h i n k  a m u l t i d i s c i p l i n a r y  a c t i v i t y  
The second p o i n t  t h a t  I 
I d o n ' t  t h i n k  the  m u l t i - b o d y  area i s  t e c h n i c a l l y  d i f f i -  
Soosaar: A1 low me t o  address y o u r  
n o t  be j u s t  one code. The s i t u a t  
two p o i n t s .  F i r s t ,  I agree t h a t  t h e r e  shou ld  
on i s  s i m i l a r  t o  t h a t  o f  e l a s t i c  f i n i t e  
element codes which have tended t o  evo lve  acco rd ing  t o  i n d u s t r y  needs. There 
a r e  c e r t a i n  f i n i t e  element codes t h a t  a re  very a p p r o p i a t e  f o r  e i t h e r  c i v i l  eng 
neers, n u c l e a r  engineers,  mechanical engineers or a i r c r a f t  and s p a c e c r a f t  
571 
PRECEDING PAGE BLANK NOT FILMED 
engineers. I ' d  l ike  t o  see a trend towards a more generic encompassing formula- 
t ion,  b u t ,  a t  the user level branch o f f  into different types of application; one 
for robotics, one f o r  the a u t o  industry, another for aerospace. 
course efficiency i s  served by havins them together. 
be i n  the same class. 
multibody problem n o t  being as severe as in other f ie lds .  I generally agree, 
b u t  these effects  do play a roll in structural control. There the controllers 
tend t o  be extremely sensitive t o  anything t h a t  i sn ' t  linear or simple. This 
has t o  be included in a number of cases a n d ,  unfortunately, those are also the 
ones where you have t o  deal with large multi-degree-of-freedom systems, so Y O U  
get bitten there. B u t  i t h s  a point well taken. 
Unless of  
The formulations need t o  
The second point i s  on structural nonlinearity in the 
J .  M. Housner: 
hopefully, during the panel discussion we can  get back t o  some of these. 
We're going t o  have t o  cut short the questions a t  th is  time a n d ,  
Questions and Answers Following: "Applications o f  Mu1 ti-Body Dynamics to 
Mechanisms and Robotics" by P r o f .  Steve Dubowsky. 
C h u n g :  
the hydraul ical ly driven actuator? 
How do you apply a boundary condition in the f i n i t e  element analysis for 
Dubowsky: 
boundary conditions. We model in the dynamics o f  the hydraulic actuators as we 
do w i t h  other dynamic controls. I n  the control systems, you t y p i c a l l y  have 
dynamics, you have transfer functions in there which are,  in fac t ,  dynamics and  
they yield additional dynamic equations which need t o  be assembled w i t h  the 
dynamic equations of  the structure and  the manipulator. 
actuator forces appear in the generalized force terms. 
tion o f ,  in control system j a r g o n ,  the s ta tes  of the system. 
additional dynamic equations involving the s t a t e  vari ab1 es and  forces which 
interact  w i t h  the structure. 
dynarnic equations of the actuator and the c o n t r o l  system. 
The hydraulic actuators provide loads on the system and they're not  
What happens i s  the 
Their values are a func- 
So there are 
Much l ike the structure s ta tes  appear in the 
Ramen Singh, DYNACS Engineering Co. ,  Inc.: 
coordinate reduction. 
vibrational coordinate from the j o i n t  coordinate? 
You reference modal synthesis for 
I f  you have motion a t  the jo in t ,  how do you separate the 
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Dubowsky: How do you separate t h e  v i b r a t i o n a l  coo rd ina te?  
Singh: Yes, you s a i d  t h a t  you do modal syn thes i s  t o  reduce t h e  coord inates.  
Dubowsky: T h a t ' s  r i g h t ,  o f  t h e  i n d i v i d u a l  l i n k s .  
Singh: O f  t h e  i n d i v i d u a l  l i n k s ?  
Dubowsky: 
T h a t  way we can desc r ibe  t h e  l i n k s  i n  g r e a t  d e t a i l  and y e t  n o t  deal w i t h  so many 
degrees o f  freedom when we come up t o  the  system l e v e l .  
T h a t ' s  r i g h t ,  o f  t he  i n d i v i d u a l  l i n k s ,  n o t  o f  t h e  e n t i r e  system. 
Joe Padavon, U n i v e r s i t y  o f  Akron: 
s t r u c t u r a l  j o i n t  i n  an adverse environment, say l i k e  i n  space? 
How would you handle t h e  f r i c t i o n  i n  a 
Dubowsky: R i g h t ,  we do p u t  f r i c t i o n  i n ;  we model t he  bear ings;  we model t h e  
compl iance o f  t h e  bear ings.  
a t  each o f  t h e  j o i n t s .  
freedom i n  t h e  system. So t h e  f r i c t i o n ,  much l i k e  the c o n t r o l  f o rces ,  become 
to rques  on those j o i n t s .  We r e t a i n  j o i n t  f o r c e s  and moments i n  d i r e c t i o n s  of 
degrees-of- f reedom of  t h e  j o i n t s .  
and t h a t ' s  e x a c t l y  t h e  way t h e  f r i c t i o n  i n t e r a c t s  w i t h  t h e  system. 
appear i n  t h e  genera l i zed  f o r c e  terms. We do n o t  e l i m i n a t e  those. 
E s s e n t i a l l y ,  what we do i s  have degrees-of-freedom 
The r e l a t i v e  r o t a t i o n  a t  t h e  j o i n t s  a re  degrees-of- 
Ne have t o .  T h a t ' s  where t h e  a c t u a t o r s  a r e  
Those terms 
Padovan: I understand t h a t ,  b u t  what happens i f  you lock-up and you go through 
r a t h e r  l a r g e  deformat ions i n  t h e  r a t h e r  f l e x i b l e  arms. 
have changing s t i f f n e s s e s  f o r  t h e  j o i n t s .  How would you  handle t h a t  s i t u a t i o n ?  
Then y o u ' r e  go ina t o  
Dubowsky: I 'm so r ry .  Please repea t  t h e  quest ion.  
Padovan: 
then  exper ience some k i n d  of an adverse bend, w i t h  r e s u l t i n g  s t i f f n e s s  changes 
on y o u r  l i n k s .  How i s  t h i s  handled? 
I f  t h e  man ipu la to r  arm were t o  exper ience an adverse lock-up, i t  would 
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Dubowsky: 
deformat ions w i t h i n  the  i n d i v i d u a l  l i n k s ,  such t h a t  t he  mass o r  s t i f f n e s s  m a t r i -  
ces change, how would t h a t  be handled? 
assume t h a t  t h e  l i n k s  w i l l  n o t  bend much. Maybe somebody wants t o  look i n t o  
t h a t .  
t h i n g  wor th  l o o k i n g  i n t o .  
watershed s o l u t i o n  i n  model ing of f l e x i b l e  manipulators .  
speakers who a re  doing re1 evant  work w i t h  d i  f f e r e n t  approaches. 
I t h i n k  y o u r  ques t i on  i s ,  i f  you had s u f f i c i e n t l y  l a r g e  s t r u c t u r a l  
We d o n ' t  cons ide r  t h a t  case because we 
When you are d e a l i n g  w i t h  ve ry  f l e x i b l e  man ipu la to rs  t h a t  may be some- 
I should p o i n t  out ,  though, t h a t  we d o n ' t  have t h e  
Y o u ' l l  hear from o t h e r  
John Hedgepeth: One o f  t h e  t h i n g s  t h a t  some i n d i v i d u a l s  a re  cons ide r ing  f o r  
robo ts ,  o r  man ipu la to r  arms, i s  t o  feed back t h e  j o i n t  angle w i t h  very t i g h t  
c o n t r o l .  
c o m p r e s s i b i l i t y  o f  t he  h y d r a u l i c  f l u i d ,  f o r  instance,  i n  y o u r  example. And the  
i n t e r e s t i n g  t h i n s ,  t o  me, would be, ( a )  what y o u r  r e s u l t s  would look l i k e  and 
( b )  once hav ing done so, and be ing  c o n f i d e n t  a t  b e i n g  ab le  t o  do so, shape you r  
accel  e r a t i  on and decel e r a t i  on t r a n s i  en ts  i n  some way t h a t  produces 1 ess j e r k .  
I n  t h a t  way, persurnably, you :vould take  o u t  t he  e f f e c t  o f  t he  
Dubowsky: The v a s t  m a j o r i t y  o f  man ipu la to rs  feed back t h e i r  j o i n t  angles and 
j o i n t  v e l o c i t i e s . .  Some even feed back end p o i n t  i n f o r m a t i o n .  And one o f  t h e  
p r i n c i p a l  researchers i n  c o n t r o l  1 i ng f l  e x i  b l  e mani pu l  a t o r s  t h i  nks t h a t '  s one of 
t h e  keys t o  t h i s  problern. T h a t ' s  Bob Cannon a t  S tan fo rd .  So a l l  man ipu la to rs  
feed  back j o i n t  p o s i t i o n .  
c o n t r o l  systems so t h a t  they could,  i n  f a c t ,  c o n t r o l  t h e  f l e x i b i l i t y .  
If you t r i e d  t o  r a i s e  t h e  bandwidth o f  those j o i n t  
John Hedgepeth: I d i d n ' t  say t h a t .  
Dubowsky: 
gains,  t o  make i t  a very t i g h t  c o n t r o l  system, you may 90 u n s t a b l e  because y o u ' d  
have p u t  t h e  s t r u c t u r a l  resonances w i t h i n  t h e  bandwidth. 
I f  you t r y  t o  r a i s e  t h e  bandwidth o f  t h a t  c o n t r o l  system, r a i s e  t h e  
John Hedgepeth: I f m  t a l k i n g  about t i g h t e n i n g  t h e  l o o p  w i t h i n  t h e  j o i n t  i t s e l f .  
Dobowsky: T h a t l s  r i g h t .  
h i g h  bandwidth, h i g h  ga in  c o n t r o l  systems on t h e  j o i n t s  t o  c o n t r o l  those angles 
I f  g i v e n  a f l e x i b l e  m a n i p u l a t o r  w i t h  h i g h  performance, 
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ve ry  p r e c i s e l y ,  one t h a t  d o e s n ' t  ge t  r i d  o f  t h e  arm bending, does i t  g e t  r i d  of 
t h e  h y d r a u l i c  compl iance? A t  l e a s t  most people 
d o n ' t  know how t o  do it. There may be a way t o  do i t . I d o n ' t  t h i n k  I know how 
t o  do i t  w i t h o u t  g e t t i n g  very c l e v e r .  The reason i s  because y o u ! r e  t r y i n g  t o  
c l o s e  t h e  c o n t r o l  around a compliance, around a resonance, and i f  you t r y  t o  p u t  
t h a t  resonance w i t h i n  t h e  bandwidth o f  t h e  c o n t r o l  system i n  o r d e r  t o  c o n t r o l  
it, you wind up w i t h  r e a l  s t a b i l i t y  problems. 
I t  does, b u t  you c a n ' t  do t h a t .  
John Hedgepeth: 
area, b u t  my knowledge i s  t h a t  i f  you c o n t r o l  t h e  degree-of-freedom t h a t  y o u ' r e  
measuring and you' . re do ing i t  w i t h i n  a t i g h t  loop,  what i s  e x t e r n a l  t o  t h a t  does 
n o t  i n f r i n g e  on t h e  s t a b i l i t y  o f  t h a t  loop. 
I c o u l d  be wrong because I'm c e r t a i n l y  n o t  an e x p e r t  i n  t h i s  
Dubowsky: 
l i c  compl iance i s  w i t h i n  the l oop  o f  what y o u ' r e  t r y i n g  t o  c o n t r o l .  
i n g  t o  c o n t r o l  i t s e l f  through i t s  compliance so t h e  Compliance i s  w i t h i n  t h a t  
l o o p  and t h e  phase s h i f t  from t h a t  compliance comes i n .  C l a s s i c a l  convent ional  
c o n t r o l  t h e o r y  w i l l  n o t  enable you t o  do t h a t .  
Well  , t h a t ' s  i n  p a r t  t r u e ,  b u t  t h e  b a s i c  problem i s  t h a t  t h e  hydrau- 
You' re  t ry-  
Q u e s t i o n s  and Answers Fo l l ow ing :  "Model ing and Fo rmu la t i on "  by Jim Turne r  
G e r a l d  Goudreau. Lawrence L ivermore N a t i o n a l  Labora to ry :  You mentioned t h e  
Lagrange m u l t i p l i e r  method l e d  t o  sparser  system equat ions.  
m u l t i - b o d y  codes t r y  t o  e x p l o i t  t h a t  s p a r s i t y  i n  s o l v i n g  t h e  system equat ions? 
Do any o f  these 
J im Turner :  Yes. D I S C O S  does e x p l o i t  t h a t .  The re ' s  no reason t o  compute a l o t  
o f  t h i n g s  if you know t h e y ' r e  go ing t o  come o u t  t o  be ze ro  and so you can i n c o r -  
p o r a t e  these  t h i n g s  i n t o  the  code. 
c r u c i a l .  
y o u ' r e  n o t  go ing  t o  s t o r e  a l l  those zeros, you want t o  t a k e  advantage o f  some of 
t h e  i deas  t h a t  have been used i n  s t r u c t u r a l  dynamics f o r  m i n i m i z i n g  you r  s torage 
and m i  n i m i z i  ng you r  mathematical ope ra t i ons  t h a t  1 ead t o  nu l  1 r e s u l  t s .  
I n  ou r  own deployment code, i t ' s  a b s o l u t e l y  
There a re  huge b locks  o f  equat ions t h a t  a r e  zero.  So, obv ious ly ,  
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Goudreau: 
of  your  talk--between Lagrange methods a n d  the reduced order methods--DISCOS 
handles b o t h  formulations? 
I n  terms of  th i s  dual formulation t h a t  you were describing a t  the end 
I s  t h a t  w h a t  you are saying? 
Turner: 
the degrees-of-freedom. 
the acceleration level. 
separate. A t  the kinematics level , i t  deals with the constraints across the 
kinematics level so t h a t  you're n o t  carrying the unnecessary degrees of freedom 
DISCOS handles the Lagrange multiplier. I t  i s  n o t  se t  u p  t o  reduce o u t  
I t  deals with the maximum dimension o f  the problem a t  
That 's  because i t  t rea t s  each individual body as being 
I hinges. I t  then i s  able t o  provide correct differential  equations a t  the 
i a t  t h a t  level.  
Goudreau: 
as opposed t o  the reduced re1 ative degrees-of-freedom? 
So i t  ref lects  the righthand methodology t h a t  you a r e  comparing there ' 
Turner: 
freedom. 
When you get the relative coordinates you have the m i n i m u m  degrees o f  
Tha t  i s  n o t  w h a t  DISCOS i s  doing. 
Goudreau: O K ,  t h a n k  you. That 's  what  I really wanted t o  know.  
Harold P .  Frisch,NASA Goddard Space Flight Center: 
real good p o i n t  in showing the formulation between the Euler formulation versus 
Lagrange formulation. 
mu1 t i tude of mu1 ti-body formulations geared toward specific problems. 
DISCOS code was motivated by spacecraft problems where there are very few coin- 
s t r a in t s  between joints .  
s t i f fness  matrices. 
constraints between the bodies. On the bot tom l ine  o f  the DISCOS fornulation, 
You're inverting a matrix which i s  the size of the number o f  constraints. 
the Euler approach ,  there the matrix t h a t  you are inverting i s  the mass matrix. 
Whereas i f  you have a multi-body problem w i t h  l o t s  of constraints between 
bodies, then youlre inverting a mat r ix  which i s  the size of the number of 
degrees-of-freedom. 
one large code t h a t  solves a l l  problems or very specialized codes t h a t  solve 
the i r  specific class of problems very eff ic ient ly? 
I t h i n k  y o u  b r o u g h t  up a 
I think i t  brings u p  the point t h a t  you really need a 
\ 
The 
Frequently, bodies are t ied together with 6 by 6 
So we have basically a zero constraint, zero rigid 
I n  
Could you comment on whether you feel t h a t  we should go t o  
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Turner:  The l a t t e r .  
F r i  sch: OK,  good. 
Ramen Singh, DYFIACS Eng ineer ing  Co., Inc. :  I have one comment t o  make on what 
Har ry  j u s t  sa id ,  I b e l i e v e  he i s  a l l u d i n g  t o  i n v e r t i n g  t h e  sparse mass m a t r i x  
which i s  of l a r g e  dimension b u t  con ta ins  very few non-zero e n t r i e s .  
c h a r a c t e r  i s  l o s t  when c o n s t r a i n t s  a re  ma in ta ined  f o r  any l a r g e  r e l a t i v e  mot ion 
across t h e  hinge. I f  you have an n by n holonomic c o n s t r a i n t  m a t r i x ,  which i s  
d i f f e r e n t i a t e d  t w i c e  and s u b s t i t u t e d  i n t o  t h e  eaua t ion  o f  mot ion o r  a p p l i e d  
through Lagrange m u l t i p l i e r s  then, i n  m a i n t a i n i n g  t h e  c o n s t r a i n t s ,  you have t o  
use some i t e r a t i v e  method t o  ach ieve  s o l u t i o n  accuracy. 
between i n v e r t i n g  a small  sparse m a t r i x  versus s t a b i l i z i n g  t h e  c o n s t r a i n t s .  
T h i s  sparse 
The t rade -o f f  i s  
Turner :  We1 1 , t h e r e  i s  an ad hoc technique..  . . 
Singh: A l l  k i n d s  o f  ad hoc techniques. 
Turner:  I w o n ' t  e l e v a t e  i t  any h ighe r  than t h a t .  Car l  Bodley r e s o l v e d  t h i s  
d i f f i c u l t y  by t r e a t i n g  e r r o r s  a t  t h e  a c c e l e r a t i o n  1 eve1 o f  t he  Lagrange 
m u l t i p l i e r  c a l c u l a t i o n s  as though they were n o i s e  i n  t h e  momentum. 
i s  c o r r e c t e d  a t  t h e  k inemat i cs  l e v e l  of c a l c u l a t i o n s  by computing an impulse 
mmentum c o r r e c t i o n  t h a t  makes the  v e l o c i t y  s t a t e  c o n s i s t e n t  w i t h  t h e  
c o n s t r a i n t s .  
i t  does enhance t h e  conf idence l e v e l  i n  t h e  c a l c u l a t e d  r e s u l t s .  
T h i s  n o i s e  
T h i s  doesn ' t  r e s o l v e  t h e  d i f f i c u l t y  f o r  holonomic c o n s t r a i n t s ,  b u t  
M a r t i n  Tong, The Aerospace Corpo ra t i on :  
n o t  i n t r o d u c i  ng e x t e r n a l  d i s tu rbances  t o  y o u r  system, the reby  changing t h e  system 
momentum? 
holonomic c o n s t r a i n t s  i n t o  t h e  problem, you h a v e n ' t .  
impulse type o f  c o r r e c t i o n s  are you n o t  changing t h e  angu la r  o r  t h e  l i n e a r  
momentum o f  t h e  system? 
When you app ly  t h a t  procedure a r e  you 
Whereas when you use the  Lagrangian mu1 t i p 1  i e r s  t o  couple the  
When you s t a r t  i n t r o d u c i n g  
Turner:  I ' m  sure t h a t ' s  t r u e ,  b u t  I t h i n k  y o u ' r e  making t h e  problem much less 
severe. The l a r g e  dimension of t he  Lagrange m u l t i p l i e r  m a t r i x  i t s e l f ,  I t h i n k ,  
i s  what i s  beg inn ing  t o  degrade t h e  accuracy of t h e  s o l u t i o n .  Y o u ' l l  see t h i s  
577 
i n  dual s p i n  spacecra f t .  
o p e r a t i n g  a t  each i n t e g r a t i o n  c a l l  o f  t h e  d e r i v a t i v e  r o u t i n e  , c o n s t r a i n t  f o r c e s  
o r  t o rques  wh ich  shou ld  be z e r o  s t a r t  t o  grow. A f t e r  a t ime,  t h e  numer i ca l  
s i m u l a t i o n  has numbers i n  t h e  
I f  y o u  d o n ' t  have t h a t  impu lse  momentum c o r r e c t i o n  
range t h a t  shou ld  b e  near  zero,  
Tong: 
d e v i a t i n g  f rom what i s  t h e  t r u t h ?  
I s n ' t  i t  t r u e  t h e n  t h a t  when t h a t  occu rs ,  y o u r  s i m u l a t i o n  i s  a l r e a d y  
Tu rne r :  
s t r a i n t  su r face .  Y o u ' r e  s t i l l  g o i n g  t o  have some numer ica l  e r r o r s .  The hope i s  
t o  de lay  t h e  t i m e  a t  wh ich  i t  becomes meaningless.  
What y o u ' r e  d o i n g  i s  c o r r e c t i n g  i n  t h e  hyper tangen t  p l a n e  t o  t h e  con- 
Tong: Thank you. 
Questions and Answers Following: 
Edward J. Haug 
Dynamics o f  A r t i c u l a t e d  Structures by 
John  M. Hedgepeth: I ' m  i n  t o t a l  
agreement w i t h  y o u  t h a t  one s h o u l d  l o o k  a t  t h e  problem o f  t h e  i n d i v i d u a l  e l e -  
ments s t a t i c a l l y  s i n c e  t h a t  may be enough, as y o u r  doo r  example showed. A l s o ,  
if y o u  f i r s t  t a k e  c a r e  o f  t h e  s t a t i c  degrees-o f - f reedom and s a t i s f y  s t a t i c  
e q u i l i b r i u m  and c o m p a t i b i l i t y ,  a ve ry  s o l i d  b a s i s  i s  p r o v i d e d  on wh ich  dynamic 
e f f e c t s  can be added. As t o  y o u r  code wh ich  w i l l  be commerc ia l l y  a v a i l a b l e ,  I ' d  
l i k e  t o  know f rom whom, and when? 
I want t o  compl iment you  on y o u r  t a l k .  
Haug: The code w i l l  b e  a v a i l a b l e  f rom a sma l l  company c a l l e d  Computer A ided 
Des ign  Software,  I n c .  (CADS11 i n  C o l e v i l l e ,  Iowa. I f  you  w r i t e  t o  me, I can  
g i v e  you  t h e  i n f o r m a t i o n ,  o r  g e t  t h e  i n f o r m a t i o n  t o  them, a f t e r  wh ich  t h e y ' l l  
c o n t a c t  you. I t  w i l l  a l s o  be a v a i l a b l e  f rom Computer V i s i o n  Corp. P r e s e n t l y  
o n l y  t h e  r i g i d  body v e r s i o n  i s  a v a i l a b l e .  The f l e x i b l e  body v e r s i o n  s h o u l d  be  
ready  by  Oc tober  1985. We have t o  c l o s e  t h e  f i n a n c i n g  arrangement a t  t h e  end o f  
t h i s  month t o  be  a b l e  t o  add a d d i t i o n a l  s t a f f  t o  comple te  t h e  c o m m e r c i a l i z a t i o n .  
I t  t a k e s  a l o t  o f  money and t ime .  The code i s  o p e r a t i o n a l  now and we have exam- 
p l e s  manuals; I can guaran tee  y o u  we can have i t  i n  y o u r  hands b y  October .  1 ' 1 1  
guaran tee  t h a t  even i f  I have t o  do t h e  work m y s e l f .  
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J i m  Robinson, NASA Langley: O n  your door  example, how much worse o f f  would you 
have been i f  you had simply applied a s t a t i c  deformation of opening the door  a n d  
used one load case with the kinematic constraints of simply supported bound- 
aries.  
instead of  f ive? 
What displacement pattern w o u l d  you get when using one s t a t i c  shape 
- Haua: Jim, I d idn ' t  t r y  anything l ike t h a t ,  b u t  I t h i n k  t h a t  roughly what  h a p -  
pens i s  t h a t  as the door  swings, the boundary conditions change ,  a n d  i t  i s n ' t  a 
one-parameter change in the boundary condition. 
boundary conditions. So I t h i n k  you have t o  get a l l  f ive in there. 
I t ' s  a five-parameter se t  o f  
Robinson: 
from the f i r s t  load. 
and  essentially create another shape function. 
Joe Kinney used t o  c a l l  the general method o f  structures where a n  applied unit 
load i s  used t o  remove redundancy. This requires t h a t  you identify redundancies 
before ini t a t i  ng the sol u t i  on.  
There's another method where you use deformed shapes with inertias 
Next you orthogonalize, ( a s  in the Gram-Shmidt  method), 
The procedure i s  similar t o  w h a t  
Haug: R i g h t .  By the way, we didn ' t  invent t h i s  technique. We borrowed i t  from 
the substructuri ng area. 
Ted Belytschko, Northwestern University: Jus t  a simple question. Could you 
explain t o  people in the structural dynamics community w h a t  you mean by a s t a t  
mode? 
C 
- Haua: T h a t  tern was coined, I presume, by Craig a n d  his student Chang. They 
referred t o  shapes due t o  s t a t i c  u n i t  loads, call ing such shapes, s t a t i c  modes 
They also have shapes due t o  selected u n i t  deformations. 
gave t o  those modes. 
book, and  Chang's thesis. 
I forget the name they 
I t ' s  a fa i r ly  descriptive term which appears in Craig's 
Belytschko: 
by Wilson. 
actually a Lanczos type vector. 
get confus ng. 
There's a counterpart method t h a t  was published a b o u t  5 years ago 
Jus t  this  morning one of the attendees pointed o u t  t o  me t h a t  i t ' s  
The large number of different nomenclatures can 
Haug: I c aim n o t h i n g  new. We're ju s t  trying t o  p u t  i t  a l l  together. 
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Housner: 
a l l  o u t .  Bob Melosh, please. 
Right, t h a t ' s  why we have th i s  mixed community here t o  straighten t h a t  
Robert Melosh: 
algorithm you're using? 
much d r i f t  there i s  between one order a n d  another during the integration 
process. 
Ed ,  would you give us some de ta i l s  on the variable step size 
I n  particular,  w h a t  orders you're dealing with a n d  how 
Haug: Sure, Bob. Actually, we use a standard code, t h a t  Champine a n d  Gordon 
wrote. I t ' s  called D E .  I t ' s  the most commonly used ordinary differential  equa- 
t i o n  solver, I think, in the world. The code, I t h i n k ,  goes from f i r s t  t o  sev- 
enth order. I d o n ' t  believe i t  goes higher t h a n  seventh and i t  adjusts the 
order of the algorithm and the step s ize  in a predicter-corrector operation t o  
s a t i  sfy error constrai nts. I t '  s standard Adams-Voul t o n  i ni t i  a1 Val ue p rob l  ems. 
Basically, the theory i s  in Champine a n d  Gordon's book t h a t ' s  10 years old. 
can f i n d  the FORTRAN l i s t i n g  o f  the code i n  the book. 
I say i t ' s  super, b u t  I t e l l  you one o f  the problems w i t h  th is  kind algorithm. 
Yesterday the struc%ure experts tal  ked a b o u t  imp1 i c i  t/expl i c i t ,  I have trouble 
because I d o n ' t  think t h a t  terminology i s  completely consistent with the i n i t i a l  
value problems l i te ra ture .  
o u t  some high frequency content whereas the a l g o r i t h m  we use doesn't.  
there 's  a high frequency mode in there, i t ' s  going t o  work h a r d  trying t o  f i n d  
i t .  And the computer b i l l  can ju s t  be terr ibly h i g h .  I have a feeling we need 
t o  do dual ra te  integration methods or, a t  l e a s t ,  some frequency discrimination 
and get some of this  h i g h  frequency stuff o u t  of there because i t ' s  very 
expensive. So, Bob, I hope t h a t  answered your  question. 
You 
I t ' s  a super code t h o u g h .  
I t h i n k  t h a t  they are d o i n g  some things t o  f i l t e r  
I f  
Ramen Singh, DYNACS Engineering Co., Inc.: I n  one of your charts, you had  nine 
computations which were l ike  preprocess and the weighting of  simulation code. 
Haug: Right. 
Sin@: 
terms, second order terms, i n  modal coordinates? 
Would you comment on some of those computations involving q u a d r a t i c  
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- Haug: I l i k e  t o  t h i n k  about these deformat ion modes as d e f i n i n g  t h e  k inemat i cs  
o f  t h e  de fo rma t ion  f i e l d .  
de fo rma t ion  f i e l d s ,  t hen  I go through t h e  f o r m u l a t i o n  o f  my equat ions o f  mot ion 
and, indeed, c o u p l i n g  occurs. Now I suspect t h a t  those q u a d r a t i c  terms 
rep resen t  t h e  e f f e c t  o f  t h e  c o u p l i n g  between t h e  gross mot ion and t h e  
deformat ion.  I s imp ly  view them as a mathematical  f a c t  o f  l i f e .  
Now once I ' v e  de f i ned  t h e  k i n e m a t i c a l l y  admissable 
Singh: No. I meant t h e  q u a d r a t i c  terms o r  second o rde r  terms 
nates themsel ves? 
Haug: We d i d  have a s tuden t  who dropped them o u t  i n  h i s  t h e s i s  
s e n s i t i v i t y  s t u d i e s  and found t h a t  they d i d  have a moderate i n f  
suspect you c o u l d  drop them most o f  the t ime  and n o t  l o s e  anyth 
n modal coo rd i -  
and he d i d  some 
uence. I 
ng. I ' m  n o t  
sure. 
much t o  do so. 
We b a s i c a l l y  j u s t  k e p t  e v e r y t h i n g  because I d o n ! t  t h i n k  i t  c o s t  us  t h a t  
H a r r y  F r i s c h :  
i l l u s t r a t e  how you would g e t  y o u r s e l f  i n  t r o u b l e  by dropping t h a t  q u a d r a t i c  term 
Out i s ,  i f  you have a sp inn ing  spacec ra f t  w i t h  a f l e x i b l e  boom along t h e  
s p i n  ax i s ,  t h a t  q u a d r a t i c  term t e l l s  you how t h e  moment o f  i n e r t i a  o f  t h e  system 
changes. 
You r e a l l y  c a n ' t  drop those terms o u t .  The b e s t  example t o  
Haug: 
T h a t ' s  what we've found. 
B u t  t h e r e  i s  a danger i n  i n c l u d i n g  some o f  those and n o t  a l l  o f  them. 
F r i s c h :  Y o u ' r e  i n  deep t r o u b l e  i f  you drop any o f  t hem ou t .  
Q u e s t i o n s  and Answers Fo l l ow ing :  
F l e x i b l e  Body S i m u l a t i o n  by G .  Mann 
Model Reduct ion S t r a t e g i e s  for I n t e r c o n n e c t e d  
M a r t i n  Tong, The Aerospace Corporat ion:  I t h i n k  t h e  i d e a  o f  reduc ing  t h e  model 
i s  very  good, b u t  i n  t h i s  case I t h i n k  i t  i s  successfu l  because o f  a t  l e a s t  one 
c o n d i t i o n .  
So f o r  t i m e  v a r y i n g  systems, you m i g h t  need o t h e r  approaches. 
I t  hinges on t h e  f a c t  t h a t  t h e  system mass m a t r i x  i s  t i m e  i n v a r i a n t .  
- Man:
because we a r e  d e a l i n g  w i t h  a dual spinner.  
Agreed. A c t u a l l y  f o r  t h i s  system, t h e  system mass m a t r i x  i s  t i n e  v a r y i n g  
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Tong: I was j u s t  commenting. Two things can happen. Your spinner i s  an  
axisymmetric body. 
- Mann: I t  i s  n o t  t h a t  axisymmetric. 
Tong: O h  i t  i s  n o t ?  
- Man: I f  you noticed i n  an ear l ie r  s l ide,  the rotor i s  n o t  shaped l ike a nicely 
shaped cylinder, i t  has many appendages sticking o u t .  I t  i s  n o t  t h a t  symmetric. 
Very compl icated, very complex. 
- Tong: So does this  method apply t o  a time varying mass matrix? 
- Mann: 
freezing the rotor with respect t o  the s t a t e r .  
positions. 
modes we s h o u l d  retain. B u t ,  by no means i s  t h a t  final because we s t i l l  do  n o t  
have the spinning ef fec t  in. That's why we need a multibody simulation tool,  t o  
p u t  the spinning dynamics back into the picture for design verification. 
Well, w h a t  we d o  i s  t h a t  we perform the modal influence analysis by 
After we have gone t h r o u g h  t h a t  process, then we know exactly w h a t  
And we have t o  do i t  f o r  many 
Jimmy Ho, Lockheed: 
talk a b o u t  f l ex ib i l i t y ,  i . e . ,  the modal truncation. I n  a l o t  of structures 
l ike t h a t  you d o n ' t  really talk a b o u t  modal truncation, you really should 
concentrate on modal selection. 
w i t h  JPL on the f l i gh t  experiment f o r  a big antenna flown o u t  of  the Shuttle 
cargo bay. Many of these have very low 
frequency b u t  yet never get excited. 
nearly round,  there exis t  modes invol vi ng normal deflection and those i nvol vi ng 
inplane deflection. 
angle. The angle could be sine or cosine of m theta,  the m can be 1 ,  2 ,  3, 
4; t h a t  i s ,  cyclic harmonics. B u t  th is  cyclic harmonic, i f  you integrate, j u s t  
l ike  you integrate modal phi i n t o  capital phi then you will find o u t  the higher 
order cyclic harmonic l ike  two thetas or three thetas ,  have a zero resultant.  
Now those modes never get excited and yet they are there. 
play a strong role in selecting modes which are excited. 
characterist ics will determine your selection. 
practice. 
I ' d  l ike  t o  make the following comment, especially when you 
I n  a configuration l ike t h a t  we had  associated 
We received a l o t  of modes from JPL. 
I n  t h i s  specific configuration, which i s  
They are functions of the radial parameters and  also the 
Boundary conditions 
In  other words, modal 
T h a t  i s  really a very important 
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t 
- Man: Simply t r u n c a t i n g  f requency does n o t  work w e l l .  
E s p e c i a l l y  when you deal w i t h  one component a t  a t ime. Consider,  f o r  example, 
G a l i l e o .  I f  you j u s t  l o o k  a t  t h e  f r e e - f r e e  mode o f  t h e  s t a t e r  s t r u c t u r e ,  t h a t  
i s  t h e  connec t ing  p a r t  between t h e  r o t o r  and the  p l a t f o r m ,  you m igh t  t r u n c a t e  
t h e  h i g h e r  f requenc ies  above 50 h e r t z .  
back t o g e t h e r  w i t h i n  D I S C O S ,  you can compute the  combined system mode and 
compare t h a t  !d i th the  NASTRAN combined system mode. 
I agree w i t h  you. 
When you hook t h e  v a r i o u s  components 
They t u r n  o u t  t o  be 
ext remely d i f f e r e n t .  
til 1 you g e t  t o  the  system l e v e l .  
I t  i s  n o t  easy t o  know wh 
Q u e s t i o n s  and Answers Fol lowing:  Computat ional  
by K .  C. Park 
ch component modes a re  impor tan t  
Aspects o f  Mu1 t i -body  Dynamics 
Housner: Any ques t i ons  o r  comments f o r  D r .  Park? Looks l i k e  everybody i s  i n  
100% agreement w i t h  you. 
QuestSons and Answers Fo l l ow ing :  C o n s t r a i n t  E l i m i n a t i o n  i n  Dynamical Systems by 
R. P. S ingh 
Ed Haug, U n i v e r s i t y  o f  Iowa: Raman, I wanted t o  comment t h a t  we have used t h i s  
method s u b s t a n t i a l l y  over  t h e  p a s t  couple o f  y e a r s  and I t h i n k  i t  i s  o p t i m a l l y  
s t a b l e .  I t h i n k  you e s e n t i a l l y  cannot d e f i n e  a b e t t e r  s e t  o f  genera l i zed  coor-  
d ina tes ,  b u t  j u s t  two qu ick  comments. One, i f  y o u r  " A "  m a t r i x  i s  t i m e  dependent 
then t e c h n i c a l l y  you should redo t h e  s i n g u l a r  va lue  decomposit ion. 
always t h e  u n c e r t a i n t y  as  t o  how much e r r o r  y o u  g e t  i f  you do n o t  do t h a t .  
Second, the  p l a c e  where t h i s  t h i n g  i s  j u s t  a b s o l u t e l y  b e a u t i f u l  i s  when you g e t  
i n t o  near  s i n g u l a r  o r  t e r r i b l y  i l l - c o n d i  t i o n e d  c o n f i g u r a t i o n s  o f  mechanisms. I 
suspect on some o f  t he  deployable s t r u c t u r e s ,  we g e t  i n t o  very i l l - c o n d i t i o n e d  
s i t u a t i o n s  and I would s t r o n g l y  recommend t h e  use o f  a technique l i k e  t h i s .  
There i s  
Bahram Nour-Omid, Lockheed Pa lo  A l t o :  The way I understand s i n g u l a r  va lue  
decomposi t ion e s p e c i a l l y  f o r  f i n d i n g  ranks o f  m a t r i c e s ,  i t ' s  l i k e  b reak ing  a 
hazel  n u t  w i t h  a sledge hammer. I t h i n k  t h e r e  a r e  b e t t e r  ways o f  s o l v i n g  t h i s  
problem, namely methods based on QR f a c t o r i z a t i o n .  The computat ions a r e  a l o t  
more e f f i c i e n t  than s i n g u l a r  value decomposi t ion.  Have you made any comparisons 
w i t h  any QR f a c t o r i z a t i o n  o r  s t a b l e  forms o f  QR f a c t o r i z a t i o n ?  
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Singh: 
comparisons have been made the re .  
t o  SVD method. 
Yes, and I w i l l  recommend t o  you t o  a paper by D r .  Jung and Pinson. The 
There i s  no computat ional  e f f i c i e n c y  compared 
Nour-Omid: I f  you a re  hav ing a sparse m a t r i x ,  you can take  advantage o f  t h e  
s p a r s i t y  o f  t he  m a t r i x  i n  t h e  QR f a c t o r i z a t i o n  a l o t  b e t t e r  than i n  s i n g u l a r  
Val ue decmpos i  t i o n .  
Housner: Can we g e t  a c 
Singh: I have n o t  t r i e d  
" A "  i t s e l  f . 
a r i f i c a t i o n  on y o u r  response t o  t h a t  l a s t  ques t i on?  
t o  f i n d  the QR decomposi t ion o f  " A "  t ranspose " A "  o r  
Nour-Omid: 
normal ized equa t ion  " A "  t ranspose "A."  You can do the  Q R  decomposi t ion of  " A "  
i t s e l f  i n  a very sparse fashion. 
Labora to ry  as w e l l  as Alan George have shown t h a t  t h e  Q R  decomposi t ion i s  ve ry  
s t a b l e .  I f  you read t h e i r  work i n  t h e  r e c e n t  l i t e r a t u r e ,  you w i l l  f i n d  t h a t  
t h e r e  a re  very n i c e  and e f f i c i e n t  ways o f  ach iev ing  t h a t  w i t h o u t  g e t t i n g  any 
form o f  i n s t a b i l i t y  i n  t h e  problem. 
A l l  you do i s  t he  QR decomposi t ion o f  ''A," you never go t o  the  
I t h i n k  Michael Heath a t  Oak Ridge N a t i o n a l  
Singh: That  w i l l  be something t o  l ook  a t .  
Jer-Nan Juang, NASA Langley:  
i n t e r e s t e d  you should read t h e  paper by Klema and Laub i n  t h e  I E E E  Automat ic 
C o n t r o l  J o u r n a l  about 1982 o r  83. They have done s u b s t a n t i a l  s t u d i e s  on SVD 
i n c l u d i n g  those k i n d s  of f a c t o r i z a t i o n s ,  e t c .  
b e t t e r  than a n y t h i n g  e lse.  
suggest you read t h a t .  
I can comment on t h i s .  I f  you a r e  very 
T h e i r  c o n c l u s i o n  i s  t h e  SVD i s  
Tha t  i s  t h e i r  conc lus ion,  n o t  my conc lus ion .  I j u s t  
E d i t o r s  Note: Klema, V .  C. and Laub, A. J.: The S i n g u l a r  Value Decomposit ion: 
I t s  Computation and Some A p p l i c a t i o n s .  
Vol. AC 25, No. 2, A p r i l  1980, pp. 164-176. 
I E E E  T ransac t i ons  on Automat ic C o n t r o l  S ,  
Housner: 
computat ions? 
of computat ions.  
By b e t t e r ,  do you mean s t a b l e  b u t  n o t  n e c e s s a r i l y  a minimum number o f  
I b e l i e v e  t h a t  i n  Gaussian e l i m i n a t i o n  t h e r e  i s  a minimum number 
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Singh: 
gentleman i s  p o i n t i n g  o u t  t h a t  t h e  new work, which I am n o t  f a m i l i a r  w i t h ,  
p rov ides  a ve ry  acu ra te  measure o f  t h e  e igenvalues and, i f  t h a t  i s  t h e  case, and 
t h e  computat ions a r e  l e s s ,  then d e f i n i t e l y  i t  may be a f i n e  t h i n g ,  b u t  we have 
looked  a t  t h e  methods us ing  "A"  t ranspose " A "  and working on a transpose " A " .  
OK, so t h a t ' s  something new which I would l i k e  t o  l e a r n  more about. But i t  i s  
u s u a l l y  t h e  p r a c t i c e  t h a t  you  do n o t  want t o  f i n d  t h e  eigenvalues because t h e  
accuracy o f  f i n d i n g  t h e  s i n g u l a r  va lues i s  much b e t t e r  than i n  t h e  accuracy of 
t h e  e igenvalues f o r  rank de te rm ina t ion .  
a l g o r i t h m  which i s  very accu ra te  f o r  E igenvalue de te rm ina t ion  then maybe t h a t  i s  
something which shou ld  be looked i n t o .  
SVD method does g i v e  you a very good d e t e r m i n a t i o n  o f  rank, b u t  t h e  
The Q R  a l g o r i t h m  i s  something o f  a new 
K .  C.  Park,  Lockheed P a l o  A l t o :  
f o r ?  Are you i m p l y i n g  t h a t  t h i s  c o u l d  be used f o r  equat ion systems exceeding 
say seve ra l  hundred degrees-of-freedom w i t h  v a r y i n g  mass m a t r i x ?  
What s i z e  o f  a problem a r e  you advocat ing t h i s  
Singh: 
ables.  
Using more than  one CPU on a super m i n i  3 2 - b i t  machine w i t h  two CPU's. There 
you can have l a r g e r  dimensions by p a r t i o n i n g  t h e  tasks  w i t h  t h e  system m a t r i x  
and t h e  c o n s t r a i n t  be ing  worked on by one CPU and assembling t h e  equat ions on 
another  CPU. 
v a r i a b l e s .  We have gone nowhere near a thousand v a r i a b l e s .  Maybe t h a t  w i l l  be 
t h e  t r e n d  o f  t h e  f u t u r e  where you do work w i t h  thousands o f  degrees-of-freedom. 
B u t  I have no exper ience w i t h  t h a t  s i ze .  
I have n o t  seen cases being run  w i t h  any code w i t h  thousands o f  v a r i -  
We have been p lanning,  and have implemented some o f  i t  success fu l l y ,  
We have found t h a t  we have employed something l i k e  120 o r  220 
- Park: From what you have exper ienced so f a r ,  do you advocate t h i s  type o f  
approach f o r  l a r g e  system equa t ion  s e t s  a l s o ?  
- Sinah: 
decomposi t ion sub rou t ines  a re  worked t o  s u i t  t h e  p a r t i c u l a r  problem you a re  
s o l v i n g  o r  t h e  c l a s s  of problem you a r e  s o l v i n g  where t h e r e  a re  many zeros and 
YOU do m u l t i p l y  t h e  a l g o r i t h m  when i t  does n o t  t a k e  n2 t imes n number o f  compu- 
t a t i o n s .  Our example had a p o i n t i n g  requi rement  which was h a l f  an a r c  second, 
we have t r i e d  Newton-Raphson s t a b i l i z a t i o n  on t h e  c o n s t r a i n t  equa t ion  and we had 
t o o  much computat ional  e f f o r t .  
maybe we d i d  n o t  know how t o  use the  method c o r r e c t l y .  
ach ieved b e t t e r  computat ional  speed w i t h  s i n g u l a r  va lue  decomposit ion. 
I would recommend i t s  use on l a r g e  systems equat ions o n l y  when t h e  
As a m a t t e r  o f  f a c t ,  we p a i d  a pena l t y ,  and 
Never the less,  we 
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Questions and Answers Following: 
Elements o f  Multi-body Dynamic Systems by E. F. Crawley 
Nonlinear Characteristics o f  Jo in ts  as 
Gerald Goudreau: 
show the insertion o f  your j o i n t ,  was t h a t  an  axial spring and dash p o t ?  
Two questions a b o u t  your examples. I n  the truss where you 
Crawley: No, I'm sorry t h a t  was sor t  of a model o f  a truss i n  flexure and then 
the pieces of the truss ended u p  being represented by a beam in flexure and  the 
jo in ts  were rotational.  They were pinned w i t h  rotational freedom. 
Goudreau: 
points o f  the truss are pin connected so there are no moments being transmitted 
beyond the two adjacent beams. I t  was a frame? Each member i s  a bending beam? 
You are calling t h e  whole structure a t russ  a n d ,  therefore, the major 
Crawley: I wish I could get t h a t  picture, t h a t  t russ back. Actually w h a t  I was 
do ing  was modeling, i f  you can l o o k  a t  my fingers here, I was m o d e l i n g  two 
frames of  a t russ  which come together a n d  are connected by a connector on the 
t o p  and  t h e  bot tom w h i c h  actually have axial play. 
Goudreau: So each of  t h e m  are axial members. 
Crawlev: Correct. 
Goudreau: To give the overall bending. 
Crawley: The net i s  t o  influence the overall bending. 
Goudreau: O K ,  t h a t  c l a r i f i e s  i t .  
Crawl ey: T h a t  was j u s t  a "back-of-the-envel ope" calculation. 
Goudreau: 
call  ed axi a1 tension, transverse bendi ng , and i npl ane bending. 
ones, are those moments? 
Now, you showed another sl ide with three hysteresis loops measured, 
I n  those bendi ng 
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Crawley: That 's  right. T h a t  i s  someone e l s e ' s  resul t .  In  t h a t  case i t  was a 
sleeve connected jo in t ,  I believe, and they did a t e s t  t h i s  way, and then they 
did a t e s t  t h a t  way. 
Goudreau: Oh I see, so each one of those i s  the response in one direction t o  
the an excitation in the same direction. 
Crawley: T h a t  i s  correct. 
Goudreau: 
are t o  the point of characterizing the multiple variable s ta te .  
I guess what I am leading u p  t o  asking i s  whether experimentally you 
Crawley: There are obviously all  those cross coupling effects  t o o .  
Goudreau: I s  anybody trying t o  do t h a t  experimentally, sor t  o f  characterize the 
whole response surface? 
Crawley: 
b i l i t i e s .  B u t  I - d o  n o t  know anyone yet who has experimentally t r ied i t .  
We have an analytic extention of o'ur method t h a t  allows those p o s s i -  
Goudreau: 
together f o r  a one-dimensional model. 
I ' m  wondering whether i t  i s  worth putting b o t h  these complex formulas 
Crawley: Well these are the elements o f  the joint .  You have t o  do th i s  before 
YOU can do the cross-coupled one. 
Goudreau: T h a n k  you. 
J o h n  Hedgpeth: Ed,  I ' d  l ike  t o  compliment you on your talk.  
agreement t h a t  there i s  so much u n k n o w n  a b o u t  w h a t  we are t a l k i n g  a b o u t  here 
t h a t  embarking on expensive and detailed analyses o f  particular jo in ts  particu- 
la r ly  t o  t r y  t o  estimate the i r  nonlinearity a n d  damping i s  probably n o t  f rui t ful  
a t  this time. However I would say t h a t . .  . n o r  i s  i t  particularly worrisome a t  
t h i s  time a b o u t  m a k i n g  an exact identification of the dynamic characterist ics of 
the jo in t .  I ' d  l ike  t o  report on the fac t  t h a t  the s t a t e  o f  the a r t  on actual 
design of jo in ts  i s  such t h a t  we designers--no matter whether we are dynamists 
or n o t ,  and incidentally I have designed and flown jo in ts  in space--we designers 
I'm certainly in 
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t h i n k  t h a t  when we d e s i g n  t h e  j o i n t  f o r  t h e  purposes f o r  wh ich  i t  i s  i n tended ,  
t h a t  j o i n t  i s  s t i f f  enough. 
p a r t i c u l a r  a p p l i c a t i o n  i s .  I guess t h a t  my concern  h e r e  i s  t h a t  I t h i n k  t h a t  we 
a r e  w o r r i e d  h e r e  about  something wh ich  i s  a c o u p l e  o f  s t e p s  beyond what o u r  r e a l  
p rob lem i s  today .  
d a t a  whatsoever on j o i n t s  Lvhich a r e  t h e  k i n d  o f  j o i n t s  wh ich  wou ld  be c o n s i d e r e d  
t o  be c a n d i d a t e s  f o r  f l i g h t ,  and I am t a l k i n g  a b o u t  p r o j e c t s  l i k e  Space S t a t i o n  
and l a r g e  d e p l o y a b l e  r e f l e c t o r  and o t h e r s  f o r  wh ich  eve ry  t i m e  one l o o k s  a t  
t hese  s t r u c t u r e s ,  o n e ' s  f i r s t  q u e s t i o n  i s  w e l l ,  can you  b u i l d  a j o i n t  so t h a t  we 
can make t h e  who le  s t r u c t u r e  work? We need d a t a  and we need t h e  k i n d  o f  d a t a  
t h a t  y o u  wou ld  t u r n  t h e  j o i n t  o v e r  t o  t h e  l a b o r a t o r y  t e c h n i c i a n  and say a i v e  me 
a f o r c e - d e f l e c t i o n  curve ,  even w i t h o u t  g i v i n g  us c y c l i n g  on i t , j u s t  g i v e  me 
some d a t a  t o  b e g i n  w i t h  because t h e r e  i s  a g r e a t  dea l  o f  o v e r  o p t i m i s m  on t h e  
p a r t  o f  p e o p l e  who c o n s t r u c t  j o i n t s  and a c t u a l l y  use  them i n  s t r u c t u r e s  as t o  
what  t h e i r  a c t u a l  s t r u c t u r a l  c h a r a c t e r i s t i c s  are.  And i n  some cases, t h e  d a t a  
t h a t  I have seen a r e  j u s t  a p p a l l i n g  i n  how bad t h a t  j o i n t  i s  as a p i e c e  o f  
s t r u c t u r e .  
The d e f i n i t i o n  o f  s t i f f  enough depends on what t h e  
Our r e a l  p rob lem today  i s  t h e  p a u c i t y  o f  any exper imen ta l  
Crawley:  I agree w i t h  y o u  t h a t  t h e r e  i s  a 
marked p a u c i t y  on any j o i n t s  t h a t  a r e  proposed t o  go i n t o  t h e  p i e c e s  o f  Space 
S t a t i o n .  
Fu r the rmore ,  I would  p o i n t  o u t ,  John, t h a t  a d d i t i o n a l  i n s t r u m e n t a t i o n  t h a t  i s  
necessary  t o  g e t  t h e  more comp le te  s e t  o f  d a t a  o t h e r  t h a n  d o i n g  j u s t  t h e  t r a d i -  
t i o n a l  f o u r - s t r o k e  measurement i s  ve ry  minor .  What I'm s a y i n g  i s  t h a t  i f  you 
send down a j o i n t  t o  X Y Z  t e s t  l a b  w i t h  t h e  a d d i t i o n  o f  an a c c e l e r o m e t e r  t o  t h e  
t e s t  se tup ,  t hey  can i n  f a c t  p roduce a much more u s e f u l  body o f  d a t a  t h a n  if 
t h e y  j u s t  do a f o u r - s t r o k e  measurement. So, I t h i n k  we a r e  i n  e s s e n t i a l  agree- 
ment t h e r e .  
YOU t h i n k  t h e  j o i n t s  a r e  s t i f f  enough, b u t  t h e  o t h e r  was t h a t  t h e r e  i s  o v e r  
op t im ism abou t  how s t i f f  j o i n t s  a re .  These a r e  a lmos t  c o n t r a d i c t o r y  remarks. I 
would  say t h a t  t h e  r o l e  o f  t h e  a n a l y s t  i n  t h i s  s i t u a t i o n  i s  t o  t ry  and produce 
t h e  a n a l y t i c a l  t o o l s  t o  assess how much d i f f e r e n c e  i s  enough so t h a t  t h e  
des igne rs  can use t h o s e  t o o l s .  How much d i f f e r e n c e  i s  enough i n  t h e  d e s i g n  o f  
t h e  j o i n t s  f o r  t h e  power tower .  T h a t  i s  a q u e s t i o n  t h a t  a t  l e a s t  two o r  t h r e e  
groups o f  peop le  around t h e  c o u n t r y  wou ld  l i k e  t o  know t h e  answer t o .  
L e t  me r e f l e c t  on t h o s e  comments. 
T h i s  i s  p a r t  o f  an e f f o r t  t o  genera te  t h a t  d a t a  and unders tand ing .  
You a c t u a l l y  s a i d  two d i f f e r e n t  t h i n g s ,  one was t h a t  as a d e s i g n e r  
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PIULTI-BODY DYNAIlICS PANEL DISCUSSION 
COMMENT, J. M. HOUSNER, NASA LANGLEY: I ' v e  placed a l i s t  of ques t ions  on t h e  t a b l e  
be fo re  you, and I have a l s o  p u t  them on the  screen. Some of the  ques t ions  d e a l  with 
items t h a t  a rose  during the  e n t i r e  3 days of t he  workshop. Whom are we t r y i n g  t o  
p l ease?  Who a r e  the  customers of the CSM a c t i v i t y ?  Is CSM m e a n t  f o r  sof tware  devel-  
opment o r  f o r  r e sea rche r s  i n  the development of methods and a lgor i thms?  Questions 
were a l s o  r a i s e d  concerning whether methods t h a t  w i l l  be developed by CSM would be 
" ivory  tower" methods and i f  they would be good only € O K  producing one o r  two t ech -  
n i c a l  papers  b u t  would be of no r e a l  p r a c t i c a l  use.  I f  t h a t  i s  t r u e ,  how can it  be 
avoided? And, of course ,  t h e  i s s u e  o €  concurren t  process ing  looms i n  t he  background. 
I n  t h i s  workshop, t h e r e  has  been some d i scuss ion  about benchmark problems; I ' d  l i k e  
t o  cons ider  t h a t  i d e a  again.  In  some re spec t s ,  i n  order  t o  achieve some of the goa l s  
t h a t  the CSM a c t i v i t y  has  set  before  i t s e l f ,  modularity seems t o  come i n t o  p lay  i n  
a d d i t i o n  t o  the  a b i l i t y  t o  check ou t ,  con€irm, o r  i n v e s t i g a t e  research  given p a r t i c u -  
l a r  a n a l y t i c a l  methodology. The l a s t  i t e m  t o  cons ider  i s  whether t h e r e  should be a 
follow-up workshop t o  t h i s  one. 
COMMENT, BARNA A. SZABO, WASHINGTON UNIVERSITY: I bene f i t ed  a g r e a t  d e a l  from p a r t i -  
c i p a t i n g  i n  t h i s  conference,  and I would, i n  p a r t i c u l a r ,  l i k e  t o  refer t o  the  Eocus 
problem of the f i r s t  day because i t  provided a b a s i s  t o  t a l k  about  something s p e c i f -  
i c .  I w a s  impressed by the  e f f o r t s  of t he  Lockheed r e p r e s e n t a t i v e s  i n  making these  
ana lyses .  They ass igned  a h igh-qual i ty  a n a l y s t  t o  focus on the  problem, and I found 
t h a t  they spen t  a l a r g e  amount of time, something on the o rde r  of 6 months, t o  do  
t h a t  p a r t i c u l a r  problem. D r .  Beckman commented t h a t  i f  complex ana lyses  are t o  be 
performed i n  the des ign  i n d a s t r y ,  they need t o  consume 6 hours r a t h e r  than 6 months 
of an e n g i n e e r ' s  time. So b a s i c a l l y  we're speaking about  a very l a r g e  gap between 
what i s  p o s s i b l e  t o  do today and what t he  r e a l  world expec ts  u s  t o  do. Consider the 
problem t h i s  way. On t h e  h o r i z o n t a l  a x i s  you would p l o t  t he  t ime, and on the  
v e r t i c a l  a x i s  you would p l o t  the  c o s t .  Every p r o j e c t  given a f i x e d  problem, such as 
t h e  focus panel ,  would have a t ime/cost  trade-off cu rve .  That curve would be shaped 
perhaps l i k e  the  l e t t e r  J. How much it  would c o s t  t o  do t h i s  p a r t i c u l a r  problem 
r e a l l y  depends on t he  technology. What w e  a r e  fac ing  he re  i s  a technology gap be- 
tween what is being de l ive red  today and what t h e  a i r c r a f t  i n d u s t r y  would l i k e  t o  
do. I t  s e e m s  t o  m e  t h a t  i n  the  f i r s t  two items i n  t he  CSM focus,  t he  f i r s t  t h i n g  
should be t o  de f ine  the  goals .  What is  i t  t h a t  w e  w o u l d  l i k e  t o  achieve? Methods 
and a lgor i thms and/or sof tware  development should be subord ina te  t o  those goals .  I f  
our g o a l  i s  t o  be a b l e  t o  do the  Eocus pane l  r e l i a b l y  ( i n  a n  a f t e rnoon)  by a t r a i n e d  
a n a l y s t ,  I th ink  we w i l l  c l e a r l y  i d e n t i f y  the  problem d i f f i c u l t i e s  t h a t  w e  have t o  
face.  I be l i eve  t h a t  kind of performance inc rease  i s  a p o s s i b i l i t y  today even though 
w e  would have t o  explore  and  p u t  f o r t h  a l i t t l e  more e f f o r t  t o  accomplish it. 
QUESTION, J. M. HOUSNER: D o  we have any f u r t h e r  comments? 
COMMENT, K. C. PARK, LOCKHEEII PAL0 ALTO RESEARCH LABORATORY: I ' d  l i k e  t o  c l a r i f y  the  
behind-the-scenes s t o r y  a s soc ia t ed  with the  focus problem. I f  w e  had t o  redo t h a t  
a n a l y s i s  again,  it would c e r t a i n l y  no t  t ake  6 months. It took 6 months because we 
wanted t o  cover as much ground as poss ib l e .  Xe  were sea rch ing  every th ing:  c o r r e c t  
sof tware ,  element formulat ion,  s h e l l  theory ,  s o l u t i o n  procedures ,  and informat ion  
p a t t e r n .  I n  normal day-to-day a n a l y s i s  s i t u a t i o n s ,  you would n o t  need t h a t  kind of 
thoroughness;  t h e r e f o r e ,  we would not  need t h a t  much time. 
QUESTION FROM THE AUDIENCE: How long would you need? 
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COMMENT, K. C. PARK: I would s a y  w e  would need about a week f o r  prepar ing  the  i n i -  
t i a l  da t a ,  another  week f o r  checking ou t  t he  i n i t i a l  d a t a  and doing some l i n e a r  and 
buckling a n a l y s i s ,  and another  week, o r  a t  most 2 weeks, t o  do l i n e a r  ana lys i s .  I t ' s  
a matter of a month r a t h e r  than 6 months. 
COMMENT, J. M. HOUSMER: Thank you f o r  t h a t  c l a r i f i c a t i o n .  Would anyone l i k e  t o  
d i scuss  the  i s s u e  oE how t o  support  the development of methods t o  i n s u r e  t h a t  those 
methods could be of p r a c t i c a l  na ture  r a t h e r  than j u s t  of academic i n t e r e s t ?  
COMMENT, HAROLD P. FRISCH, NASA GODDARD: W e  t a lked  about benchmark problems , prob- 
lems of academic i n t e r e s t  and methodologies given by academia. Most benchmark prob- 
lems, a t  l e a s t  a t  Goddard, a r e  o r i en ted  toward p r o j e c t  support .  We're developing 
both NBOD, t h a t  I wrote,  and DISCOS, which w e  p u t  together .  These developments were 
dr iven  by needs. We go t  t i r e d  of de r iv ing  equat ions  over and over aga in ,  and w e  
needed t o  g e t  the job  done e f f i c i e n t l y  and r e l i a b l y .  Working i n  a p r o j e c t  suppor t  
environment i s  inva luable  i n  g e t t i n g  these  programs checked ou t  and developed and 
g e t t i n g  the  c a p a b i l i t y  t h a t  you need. I t ' s  almost a n a t u r a l  f i l t e r  t o  take ou t  what 
i s  r e a l l y  not  t h a t  important.  You're going t o  develop the  c a p a b i l i t y  t h a t  you need 
over and over again.  In t h e  academia problems, you s a y ,  "1'11 do those next  y e a r , "  
and next  year never comes. 
QUESTION, J. I.4. HOUSNER: What you ' re  say ing  i s  t o  l e t  the  i d e n t i f i e d  a p p l i c a t i o n s  
d r ive  the  Eocus or  benchmark problems? 
ANSWER, HAROLD P. FRISCH:  Yes. 
COEINENT, ROBERT MELOSH: A s  an academician, I ' d  l i k e  t o  comment on t h a t  idea.  I 
th ink  the  r o l e  of the  academician, the u n i v e r s i t y ,  o r  the research-oriented person i s  
q u i t e  d i f f e r e n t  from the  r o l e  of the  product ion ana lys t .  Our r o l e ,  a s  I see it, i s  
one of c r e a t i n g  and t r y i n g  ideas ,  no t  necessa r i ly  proving them. There i s  a 
development phase t h a t  has  t o  be gone through. Ideas  have t o  be r e j e c t e d  a s  w e l l  as 
t r i e d ,  b u t  I d o n ' t  th ink  i t s  n e c e s s a r i l y  the  r e s p o n s i b i l i t y  of the  r e sea rche r  t o  
develop the  idea.  Ne may no t  be the r i g h t  person t o  do t h a t  kind of work. H e  may 
no t  know computer programming very w e l l .  I n  fac t ,  most codes developed a t  un ive r s i -  
t i e s  are i n e f f i c i e n t  codes. That ' s  n a t u r a l  because the r e sea rche r s  a r e  not  concerned 
with e f f i c i e n c y  as much as dea l ing  with the  ideas .  
COMIIENT, JIIVIY HO, LOCKHEEU: I t ' s  r e a l l y  nice t o  g e t  everybody t o  become more 
i n t e r e s t e d  i n  f l e x i b l e  multi-body dynamics. I have personal ly  experienced i n  t h e  
p a s t  1 0  o r  1 5  years of a c t i v i t y  t h a t  t r a d i t i o n a l l y  w e  have a l o t  of s t r u c t u r e s  peo- 
p l e ,  and a t  the same t i m e  w e  d o n ' t  have many c o n t r o l s  people here .  Controls  people 
a r e  working on these  problems too, bu t  somehow t h e r e ' s  a gap i n  the  middle, and t h i s  
gap i s  f l e x i b l e  multi-body dynamics. A t  Lockheed, I w a s  i n  charge of the  program t o  
b r ing  these  two d i s c i p l i n e s  toge ther .  I am us ing  the  f l e x i b l e  multi-body dynamics t o  
br idge the gap between the s t r u c t u r e s  and c o n t r o l s  d i s c i p l i n e s .  I th ink  t h i s  i s  the  
proper approach. I ' v e  t a lked  t o  a l o t  of my co l leagues  a t  d i f f e r e n t  companies, and 
we a l l  have the  same problem. I hope t h i s  meeting becomes a t r end  f o r  t he  fu tu re .  
Another comment I would l i k e  t o  make i s  t h a t  prev ious ly  when w e  d i d  a simula- 
t i o n ,  we were caught a t  t he  end of the  hardware development program. Management 
s a i d ,  "I want a multi-body s p a c e c r a r t  with t h i s  kind of conf igura t ion ."  Then they 
have a car toon drawn and g e t  some ana lyses  performed. A t  the  end of t h i s  process  we 
are c a l l e d  in.  The s imula t ion  is  only used f o r  performance ana lys i s .  Actual ly  it 
has another more important  funct ion.  I f  used a t  t he  e a r l y  s t a g e  of the  i t e r a t i v e  
design process ,  i t  can be used as a design t o o l  t o  inf luence  the  design. That i s  
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r e a l l y  important  because it can be used t o  perform trade-off  s tud ie s .  There ' s  a n  
o v e r a l l  des ign  s t r a t e g y ,  and I th ink  t h i s  i s  the  b a s i c  func t ion  of t h e  multi-body 
dynamics d i s c i p l i n e .  
COMMENT, J. M. HOUSNER: Does the pane l  have any response t o  the  comment concerning 
the u s e  of multi-body dynamics? I ga ther  what Jimmy H o  i s  say ing  i s  t h a t  multi-body 
dynamics c a n  be a br idge  between c o n t r o l s  and s t r u c t u r a l  dynamics used ea r ly  i n  the  
design. 
COPIMENT, KETO SOOSAAR: I th ink  w e  have a problem of a c c e s s i b i l i t y  t o  the  multi-body 
codes which i s  gene ra l ly  q u i t e  severe.  Most people who would l i k e  t o  u s e  phase codes 
are des igning  a system a t  t h e  f r o n t  end and would be completely in t imida ted  by t h e i r  
u n f a m i l i a r i t y  with t h e  a r c h a i c  terminology and methodology wi th in  the  multi-body 
community. I th ink  t h e r e  i s  probably the  need f o r  some s i m p l i f i e d ,  f i r s t - o r d e r  t o o l s  
f o r  he lp ing  bu i ld  the br idge.  Also, when you ' re  dea l ing  with systems t h a t  have t re-  
mendous amounts of c o n t r o l  needed (some very severe  l a rge  space s t r u c t u r e s  have t h a t )  
t he  phenomenology of multi-body i s  a r e l a t i v e l y  smal l  c o n t r i b u t o r  t o  the  pure s t r u c -  
t u r a l  response. When you ' r e  g e t t i n g  c lose  t o  the  a c t u a l  performance, and you ' re  
r e a l l y  t r y i n g  t o  squeeze down t h r e e  o r  four  o rde r s  of magnitude of response reduc- 
t i o n ,  i f  you haven ' t  taken the  multi-body e f f e c t s  i n t o  account ,  your c o n t r o l  sys t em 
w i l l  be unstable .  The p o i n t  i s  t h a t  w e  need t o  educate  more people t o  be s e n s i t i v e  
t o  multi-body dynamics. We need t o  have t o o l s  t h a t  a r e  more than a simple lumped 
mass wi th  a s i n g l e ,  one-mode f l e x i b l e  appendage on it. We need some a n a l y t i c a l  t o o l s  
t h a t  can h e l p  people understand them, t h e  i s s u e s ,  and the  i n t e r f a c e s .  
COPlMENT, HAROLD FRISCH:  One of the  research  t o o l s  t h a t  w e  need more than anyth ing  
e l s e  i s  t h e  a b i l i t y  t o  g e t  f l e x i b l e  body d a t a  from the s t r u c t u r e s  program i n t o  the  
multi-body program. Curren t ly ,  w e  have t h e  Space S t a t i o n  coming up, and i t ' s  incon- 
ce ivab le  t h a t  w e ' l l  have one f l e x i b l e  body model f o r  t he  e n t i r e  Space S ta t ion .  
S t r u c t u r e s  people w i l l  u s e  subs t ruc tu re  a n a l y s i s ,  and w e ' l l  have s u b s t r u c t u r e  models 
of t h e  Space S ta t ion .  We do no t  have the  a b i l i t y  t o  g e t  even the  rigid-body mass 
p r o p e r t i e s  from a s u b s t r u c t u r e  a n a l y s i s  o u t  of a NASTRAN code. We need t o  spend some 
e f f o r t  i n  educa t ing  the  s t ructures  people t o  provide the  a b i l i t y  t o  pass  information 
e a s i l y  o u t  of t h e i r  code i n t o  the  system s o  t h a t  the multi-body people can transEorm 
t h a t  d a t a  i n t o  the  d a t a  they need. In  p a r t i c u l a r ,  you need a low mass d i s t r i b u t i o n  
and a g r i d  p o i n t  l oca t ion .  You c a n  g e t  lump masses e a s i l y ,  bu t  i t ' s  almost  impossi-  
b l e  t o  ge t  g r i d  p o i n t  l o c a t i o n s  ou t  of something l i k e  NASTRAN. We have t o  spend some 
e E f o r t  i n  developing computat ional  l inkages  o u t  of your s t r u c t u r a l  dynamics i n t o  a 
format so t h a t  t he  multi-body people can pick t h e  d a t a  up and t ransform it  i n t o  the  
var ious  coupl ing  c o e f f i c i e n t s  they need t o  do t h e i r  work. 
COMMENT, KETO SOOSAAR: I th ink  one of t he  problems w e  have t o  Eace i n  t h e  development 
of t hese  t o o l s  i s  t h a t  most such t o o l s  r equ i r e  s u f f i c i e n t l y  l a rge  c a p i t a l i z a t i o n ,  y e t  
they tend t o  be used by a l a r g e  d i s t r i b u t i o n  of o rgan iza t ions ,  none of which could 
c a p i t a l i z e  such a t o o l  themselves. A s  a r e s u l t ,  i f  you have a l o t  of smal l  tooLs 
be ing  developed, you r e a l l y  d o n ' t  have over a long per iod  of t i m e  any f e e l i n g  f o r  
t h e i r  v a l i d i t y .  One of the  p o i n t s  I keep t r y i n g  t o  make is t h a t  t h e r e  should be a 
s t r o n g  government i n s t i t u t i o n ,  nonpro f i t  i n s t i t u t i o n ,  o r  governmental lab, l i k e  NASA, 
t h a t  cont inues  the development, no t  j u s t  of multi-body t o o l s  bu t  a l s o  of t h e  s o r t  of 
th ings  t h a t  you j u s t  reEerred t o  t h a t  t he  Space S t a t i o n  needs. Otherwise we're going 
t o  wind up with a whole bunch of half-done jobs ,  t he  v a l i d i t y  of which w i l l  be i n  
ques t ion .  There w i l l  be a l a r g e r  and l a r g e r  gu l f  between the  one o r  two l a r g e  com- 
pan ie s  t h a t  can a f f o r d  t o  b u i l d  them and academia, which i s  t r y i n g  t o  so lve  those 
problems. W e  need t o  g e t  the DISCOS', i f  you w i l l ,  t o  academia occas iona l ly .  We 
need t o  g e t  them i n t e r e s t e d  i n  what NASTRAN improvements need t o  be made. 
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COMMENT, JOE PADOVAN: I ' d  l i k e  t o  make two remarks. F i r s t  of a l l ,  I t h i n k  a l o t  of 
information on s t i f f n e s s  and mass matrices i s  probably already ava i lab le  on NASTRAN, 
j u s t  through a StraightEorward DMAP process i n  which you could j u s t  down load most of 
t ha t  information t o  a f i l e .  The problem is  making it compatible with your own da ta  
s t ruc tu re .  Le t  me comment on what 'das j u s t  s t a t e d  a moment ago. I t ' s  l i t e r a l l y  
impossible €OK the standard academic t o  ge t  i n t o  a real code. MARC is propr ie ta ry  t o  
any research appl ica t ion .  The only t h i n g  w e  Can r e a l l y  do i n  academic s e t t i n g s  is t o  
use MARC on an educat ional  bas i s  or NASTRAN. I venture t o  say t h a t ' s  t r u e  of a l l  the 
major codes today. W e  have no way of g e t t i n g  to  source codes. I f  we have t o  respond 
t o  r e a l  world code development i n  academia, it medns we have t o  hawk our own l i t t l e  
code and t o  re invent  the wheel every  other  month or  every other  year. W e  need access 
t o  the mainframe code, a na t iona l  code (which I don ' t  necessar i ly  l i k e ) .  What w e  do 
develop goes d i r e c t l y  out i n t o  the market and can be benchmarked. I t ' s  very hard €OK 
u s  to  s e l l  a l i t t l e  home-brewed code t o  ge t  wide a t t en t ion .  
COMMENT, K. C. PARK: Let me c l a r i f y  something concerning academia versus industry OK 
the i d e a l  research versus the day-to-day problem so lu t ions .  Although I am i n  indus- 
t r y ,  I ' m  i n  a research area.  I think the middle ground has paid ofE, t h a t  is ,  the 
idea l  s i t u a t i o n  is t o  l e t  researchers  develop and explore t h e i r  ideas and t o  con- 
s t ruc t  a software environment t h a t  would acce le ra t e  the t r a n s l a t i o n  of t h e i r  ideas  
i n t o  the production software environment. This concept has been proved qu i t e  
productive,  a t  l e a s t  i n  our laboratory where we have been working on a system ca l l ed  
NICE, fo r  which Carlos Fe l l i pa  has been the prime a rch i t ec t .  We a re  happy t o  be 
sponsored by NASA under the CSM project a n d  hope by next A p r i l  t o  have the N I C E  
system ava i lab le  t o  the e n t i r e  community. T h i s  would provide a da ta  management 
system to which modules could be at tached so t h a t  academia can access the code and 
COntKibUb? to  t h e i r  new ideas  in  the Eorm of a software module. Thus, other  people 
could share i n  the multi-body dynamics i n i t i a t i v e  o€ Lockheed under  the j o i n t  
sponsorship of NASA. Whatever we do under t h a t  p ro j ec t  would a l s o  be ava i l ab le  under 
t h i s  L"SM/NICE e f f o r t .  Be j u s t  a l i t t l e  b i t  p a t i e n t ;  i n  about a year we hope t o  
d i s t r i b u t e  t h a t  system. 
COMMENT, GUY MAN, JPL: I have two comments about u n i v e r s i t i e s  v e r s u s  i n d u s t r y .  I 
think there  is a place for  both p a r t i e s  i n  the multi-body simulation world. What w e  
need t o  def ine now a re  the goals. What a r e  we t ry ing  t o  shoot f o r  i n  the development 
OE any software system? Are we t ry ing  t o  gain speed? Are we t ry ing  t o  make the 
multi-body s imulat ion program modular so t h a t  you can pluck something out  and then 
replace it with hardware €or t e s t ing?  How complicated do you want t o  make the sys-  
tem? I t ' s  usual ly  d i c t a t e d  by technology development needs. We have t o  understand 
what kind of p ro jec t s  a re  on the horizon t h a t  need multi-body simulation program 
support .  Once we understand t h a t ,  l e t ' s  s i t  down and def ine what i s  lacking before 
we i n i t i a t e  the multi-body program and research. The univers i ty  environment is an 
i d e a l  environment f o r  coming up with ideas  once we have i d e n t i f i e d  the problem areas  
to  focus on. For example, how do you introduce damping i n t o  the system? How do you 
va l ida te  tha t ?  When you develop a very complicated code, do you have an absolute  
yardst ick t o  check i t ?  Validation is a big problem. What kind of t e s t  should you 
design t o  v e r i f y  your software? I ' m  not i n  favor OE checking code aga ins t  code. We 
have t o  check code aga ins t  t e s t s .  Have we defined those? Some people have, but  they 
a r e  not known t o  the general  public. So le t ' s  focus on goals and requirements. What 
are  the problems we face? Is it  computing speed tha t  e t r y  t o  Crank up? What do w e  
eventual ly  use these multi-body programs for?  Is it fo r  j u s t  the design of the con- 
t r o l  system or  €OK the t e s t i n g  and va l ida t ion  of a very complex system such as a 
space platform where we have complicated onboard sortware and the whole s t r u c t u r e  vi-  
b ra t ing ,  moving a l l  over the place,  with sensors  and ac tua tors  mounted everywhere. 
592  
How do you keep track OE where they are? How do you v a l i d a t e  your c o n t r o l  design? 
A r e  the c u r r e n t  programs f a s t  enough f o r  u s  t o  do t h a t ?  
COMMENT, J. M. HOUSNER: I tend t o  agree  with you t h a t  t h e r e ' s  c e r t a i n l y  a lack  of 
tests i n  most d i s c i p l i n e s  and e s p e c i a l l y  i n  the  multi-body d i s c i p l i n e .  We've seen 
- 
t h a t  need i n  t he  gene ra l  a r e a s  of space a p p l i c a t i o n ,  mechanisms, and robo t i c s .  Also, 
one of t he  l a rge  r o l e s  played by t h e  multi-body dynamics a r e a ,  bes ides  some of the  
th ings  t h a t  you mentioned such a s  c o n t r o l s  and s t a b i l i t y ,  is  the  product ion  of loads 
t h a t  are due t o  dynamics. Those loads as output  from multi-body a n a l y s i s  become the  
i n p u t  f o r  d e t a i l e d  f in i t e - e l emen t  s t r u c t u r a l  ana lys i s .  That w a s  t h e  case when I 
worked on t h e  Space S t a t i o n .  I was asked ques t ions  about  the loads  coming o f f  t he  
remote manipulation system. Without a multi-body a n a l y s i s ,  t he  b e s t  you can do i s  
t ake  a good guess based on back-of-the-envelope c a l c u l a t i o n s .  So, t h e  Loads ques t ion  
i s  one which multi-body dynamics a n a l y s i s  can answer. 
QUESTION, R. J. HAYDUK, NASA LANGLEY: Yesterday, Rob Nelosh i d e n t i f i e d  two groups 
t h a t  a r e  p r e s e n t  he re  and t h a t  w e  could cons ider  customers of the  technology t h a t  we - 
a r e  a t tempt ing  t o  develop. One group was indus t ry  a p p l i c a t i o n  spec ia l i s t s ;  the o t h e r  
w a s  t h e  computer code developers  who a r e  marketing t h e i r  codes and t h e i r  technology. 
Linking the  u n i v e r s i t y  group, u n i v e r s i t y  r e sea rche r s ,  and t h e  CSM group toge the r  a s  a 
team, which of the  two customers do you think we  should be t r y i n g  t o  se rve ,  t he  
indus t ry  a p p l i c a t i o n  s p e c i a l i s t  o r  the  computer code developer? 
COMMENT, K. C. PARK: I would hope w e  would be a b l e  t o  se rve  both. For those  O E  you 
who are i n t e r e s t e d  i n  sof tware  engineer ing  and who have had a chance t o  read one of 
Car los  Fe l ippa ' s  papers ,  w e  made t h a t  p o i n t  very c l e a r .  The sof tware  environment 
t h a t  w e  are s t r i v i n g  t o  develop i s  t o  serve  both ends--the a p p l i c a t i o n  end and the  
r e sea rch  environment. That i s  a very very d i f € i c u l t  ob jec t ive .  W e  have reason t o  
be l i eve  we have succeeded p a r t i a l l y  i n  t h a t  we have i n p u t  from people who do nothing 
b u t  day-to-day ana lys i s .  W e  have algori thm developers  ( I  should p a r t i a l l y  q u a l i f y  
myseLf f o r  t h a t  s i n c e  I have succeeded i n  developing a lgor i thms f o r  our t e s t  bed ) ,  
and w e  have Gary S tan ley  and Car los  Fel ippa who a r e  e x c e l l e n t  sof tware  expe r t s .  They 
a l s o  manage t o  u s e  and t e s t  t h e i r  soFtware t o  improve and t o  extend the  sof tware  en-  
vironment i t s e l f  , so  w e  have broad, a l though admi t ted ly  l i m i t e d  experience.  I t ' s  
going t o  take  about  3 t o  5 years  t o  evolve as a mature sof tware sys t em.  
QUESTION, R. J. HAYDUK: How do you expec t  the  o the r  computer sof tware e n t r e p r e n e u r s  
t o  t a k e  advantage of t h i s  system t h a t  y o u ' r e  t a l k i n g  about?  D o  you expec t  someone 
from ?{ARC Analysis  Research t o  come i n  and  t r y  your system here a t  Langley? 
ANSWER, K. C. PARK: W e  are c e r t a i n l y  riot r e s t r i c t i n g  any p o t e n t i a l  users because i t  
w i l l  be a n  open sof tware  sys t em a year  from now. A s  long a s  t h e  U . S .  government does 
not  o b j e c t ,  o t h e r s  c a n  g e t  it. In o the r  words, i f  users do n o t  i n t end  t o  expor t  t h a t  
s y s t e m  t o  another  country t h a t  i s  our adversary ,  I have no reason t o  b e l i e v e  they 
would n o t  g e t  permission. W e  cannot g ive  permission. We w i l l  d e l i v e r  it t o  NASA, 
and i t ' s  u p  t o  NASA t o  decide whether a p a r t y  w i l l  have access  t o  it. B u t ,  a s  f a r  a s  
we a r e  concerned, it i s  a completely open s y s t e m .  
COMMENT, J I M  TURNER, CAMBRIDGE RESEARCH: The t h i n g  t h a t ' s  going t o  ca tch  people ' s  
a t t e n t i o n  i s  your a b i l i t y  t o  a t t a c k ,  perhaps,  a s p e c i a l  class of t e s t  problems EOK 
which you could demonstrate t h a t  you have something t h a t  w i l l  have s u b s t a n t i a l  
improvements over what ' s  a v a i l a b l e  i n  i ndus t ry .  On t h e  i n d u s t r i a l  s i d e ,  the people  
doing research  and code development are u s u a l l y  one and t h e  same. I f  you ' re  going t o  
impress people ,  I th ink  you've g o t  t o  demonstrate t h a t  you can g e t  e i t h e r  e f f i c i e n c y  
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o r  r e l i a b i l i t y  or  something e l s e  over t he  p r e s e n t l y  a v a i l a b l e  t o o l s ,  OK people a r e  
j u s t  not  going t o  no t i ce .  
QUESTION, M A R T I N  TONG, THE AEROSPACE CORP.: D r .  Park, what i s  t h i s  system which 
Lockheed i s  t r y i n g  t o  make open t o  i n d u s t r y  o r  t he  publ ic?  
ANSWER, K. C. PARK: J e f f  Stroud probably can c l a r i f y  c o n t r a c t u a l  aspects b e t t e r  than 
I can, bu t  a s  f a r  a s  we are concerned, w e  d e l i v e r  source codes, no t  j u s t  t he  abso- 
l u t e ,  t o  NASA. 
QUESTION, MARTIN TONG: D o  you mean t h e  source code of t h e  multi-body s imula t ion?  
ANSWER, K. C. PARK: No, I mean the  NICE system. The NICE system i s  a sof tware  
environment a s soc ia t ed  with a d a t a  base management sys tem.  W e  d i d  Gary S t a n l e y ' s  
s h e l l  a n a l y s i s  r e s u l t s  using a module t h a t  w e  have developed f o r  NICE. W e  have 
developed a l a r g e  space s t ructure  t r a n s i e n t  dynamic program module and s e v e r a l  o t h e r  
modules f o r  i n t e r n a l  in-house use,  bu t  multi-body dynamics i s  a module t h a t  w e  j u s t  
s t a r t e d .  We hope t o  have t h a t  module a v a i l a b l e  t o  the  community i n  about  2 1 / 2  t o  
3 years .  
COMIIENT, W. J. STROUD, NASA LANGLEY: I ' d  b e t t e r  add a few comments about  t he  t es t  
bed. The idea  of t h i s  t e s t  bed s y s t e m  o r i g i n a t e d  o u t  of a f r u s t r a t i o n  a t  having t o  
do a s u b s t a n t i a l  amount O E  coding, o f t e n  developing a new code when a r e sea rche r  
wanted t o  do r e sea rch  on s t r u c t u r a l  a n a l y s i s  methods. This w a s  p a r t i c u l a r l y  t r u e  i n  
u n i v e r s i t y  research.  The r e s u l t i n g  methods w e r e  u sua l ly  code-dependent. When a code 
d i e s  (a s t u d e n t  g radua te s )  those methods are,  f o r  t he  most p a r t ,  los t .  To address  
both those problems -- unnecessary soEtware development and i n e f f e c t i v e  technology 
t r a n s f e r - -  w e  wanted t o  develop what w e  c a l l  a t e s t  bed system. We're working on 
t h a t ,  with Lockheed Palo Alto,  r i g h t  now. The system w i l l  have hooks, i f  you wish, 
so  t h a t  a p p l i c a t i o n s - s p e c i f i c  modules can be plugged i n t o  t h i s  t e s t  bed. I f  a uni-  
v e r s i t y  person wanted t o  develop some a n a l y s i s  module, he wouldn ' t  have t o  develop 
every th ing;  t he re  would be a s y s t e m  a v a i l a b l e  f o r  him t o  work with.  The disadvantage 
i s  t h a t  a u n i v e r s i t y  person would be cons t ra ined  t o  have h i s  module work on t h a t  s y s -  
tem. The advantage i s  t h a t  he would n o t  have t o  develop h i s  own sof tware  system. 
I t ' s  a two-edged sword. 
W e  would a l s o  be us ing  t h i s  t e s t  bed s y s t e m  t o  f i n d  o u t  t he  i n g r e d i e n t s  of a 
modern s t r u c t u r a l  a n a l y s i s  sof tware  system and how those i n g r e d i e n t s  should f i t  
t oge the r  t o  determine how the  d a t a  should be passed around, and what might be a 
higher-order  language t h a t  could be used with it. Cer t a in ly  i t  would be used t o  t e s t  
o u t  a p p l i c a t i o n s  modules. We're doing t h e  work r i g h t  now on a VAX 11/780. In a few 
months it w i l l  be a VAX 11/785. The VAX system was chosen because Lockheed Palo Al to  
and almost  everybody has  a VAX o r  access t o  one, whereas i f  w e  used our Cont ro l  Data 
s y s t e m  a t  Langley, it might n o t  be so easy €o r  people t o  use. We want t o  move t h e  
t e s t  bed toward mul t ip le  processor  computers. 
W e  have a c o n t r a c t  with Lockheed Pa lo  Alto,  where NICE was developed by Car los  
Fel ippa.  K. C. Park i s  p a r t  of t h e  Lockheed team t h a t  i s  working with us. Among 
o the r  t h ings ,  t h a t  c o n t r a c t  p u t s  NICE i n  t h e  p u b l i c  domain. Right  now I guess we're 
the  only ones, o the r  than Lockheed, t h a t  have the  system. Our o r i g i n a l  i n t e n t ,  and 
we hope w e  can c a r r y  through with t h i s ,  i s  t o  have even another  t es t  bed system i n  
add i t ion  t o  t h e  NICE-based sys t em and t o  t r a n s f e r  both t o  i n d u s t r y  and u n i v e r s i t i e s  
t o  eva lua te ,  t o  comment on, and t o  g ive  us  some feedback. Then w e  would make some 
changes. The t e s t  bed might be a combination of t he  two test  beds before  i t ' s  over. 
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R i g h t  now w e  o n l y  have t h e  NICE t e s t  bed and t h a t  might be what w e  end up with.  We 
would hope tha t  we w i l l  a l l  be a b l e  t o  make use  of the NICE t e s t  bed system. 
QUESTION, GERALD GOUDREAU, LAWRENCE LIVERMORE NATIONAL LABORATORY: Is t h e  N I C E  spec- 
i f i c a t i o n s  document a v a i l a b l e  now so  t h a t  we cou ld  g e t  a n  e a r l y  look a t  what it w i l l  
be  l i k e ?  A r e  you s t i l l  t r y i n g  t o  d e f i n e  t h e  r equ i r emen t s  o r  what you would e x p e c t  
them t o  be? 
COMMENT, W. J. STROUD: We're working on t h e  documentat ion,  a r e n ' t  we K. C.? 
COMMENT, K. C. PARK: Carlos Felippa o r  Gary S t a n l e y  shou ld  have been here t o  answer 
t h e s e  q u e s t i o n s  because I ' m  n o t  r e a l l y  a s o f t w a r e  spec ia l i s t .  As f a r  as  I know 
Lockheed made a n  agreement  w i t h  NASA t o  make t h e  NICE system p u b l i c .  Now whether 
t h a t  implies t h a t  it i s  immediately a v a i l a b l e  t o  t h e  community as a whole OK w e  w a i t  
u n t i l  w e  d e l i v e r  the test  bed system t o  NASA, I d o n ' t  know. I would have t o  ask  my 
boss. My i m p r e s s i o n  i s  t h a t  it i s  up t o  NASA t o  d i s t r i b u t e  it because Lockheed would 
n o t  be r e s p o n s i b l e  F o r  d i s t r i b u t i n g  t h e  so f tware .  
COMMENT, W. J. STROUD: That's a b o u t  r i g h t .  One neve r  r e a l l y  h a s  s o f t w a r e  t ha t ' s  
f u l l y  documented and t h a t ' s  a problem. I t ' s  also a l i t t l e  b i t  p rema tu re  r i g h t  now t o  
be s e n d i n g  o u t  documentation. What we're d o i n g  i s  c o u p l i n g  t h e  NICE system w i t h  t h e  
s t r u c t u r a l  a n a l y s i s  a n a l y z e r ,  SPAR, which i s  a l s o  i n  the p u b l i c  domain. We're 
s t u d y i n g  how t o  d o  t h a t  r i g h t  now. 
COMMENT, GERALD GOUDREAU: My q u e s t i o n  was r e a l l y  what does  N I C E  c o n t a i n ,  what i s  t h e  
s o f t w a r e  environment ,  and what are the a n a l y s i s  t o o l s ?  You've g o t  a n  i n t e r m e d i a t e  
g r e y  area OF u t i l i t i e s  and t h i n g s  l i k e  t h a t  s o  I ' m  n o t  t a l k i n g  a b o u t  complete  
documentat ion b u t  what you e x p e c t  t h e  s o f t w a r e  system to  c o n t a i n  b e s i d e s  t h e  d a t a  
man age m e  n t s y s t e  m . 
COMMENT, W. J. STROUD: NICE c o n t a i n s  no a n a l y s i s  c a p a b i l i t y .  
QUESTION, GERALD GOUDREAU: And no  a n a l y t i c a l  u t i l i t i e s ?  
ANSWER, W. J. STROUD: We're c o u p l i n g  SPAR w i t h  NICE t o  g i v e  a l i n e a r  s t r u c t u r a l  
a n a l y s i s  c a p a b i l i t y  f o r  now. We're t a k i n g  it i n  steps. 
COMMENT, GERALD GOUDREAU: I t h i n k  of g r e y  areas t o  be t h i n g s  l i k e  e q u a t i o n  solvers,  
e i g e n  packages,  etc.  You c a l l  t h a t  s t ruc tu ra l  a n a l y s i s  modules r a t h e r  t h a n  e n v i r o n -  
ment u t i l i t i e s .  
COMMENT, W. J. STROUD: SPAR c o n t a i n s  e q u a t i o n  s o l v e r s  and e i g e n s o l v e r s .  N I C E  does 
no t .  
QUESTION, JOE PADOVAN, U N I V E R S I T Y  OF AKRON: I d o n ' t  want t o  knock a VAX 11/785 b u t  
it is a r a t h e r  s low machine, and many of  t h e  n o n l i n e a r  long-run problems t h a t  run  on 
a VAX 11/785 may be ve ry  cumbersome. Is t h e r e  any a n t i c i p a t i o n  of moving t h a t  
s o f t w a r e  system up t o  a h i g h e r  l e v e l  machine? 
ANSWER, W. J. STROUD: C e r t a i n l y .  We have a problem a t  Langley and pe rhaps  o t h e r  
places t h a t  are u s i n g  computers t h a t  are b e g i n n i n g  t o  have a similar problem. For 
t h e  f i r s t  t i m e ,  o u r  computer c e n t e r  i s  s a t u r a t e d .  We r e c e n t l y  bought  a CYBER 205 
supercomputer  from C o n t r o l  Data, and we t hough t  it was go ing  t o  be many months, maybe 
even  a y e a r ,  b e f o r e  we were s a t u r a t e d  aga in .  However, w e  were s a t u r a t e d  i n  t h r e e  t o  
f o u r  months. For t ha t  r eason  and p o r t a b i l i t y  we went t o  VAX. C e r t a i n l y ,  t h e  t e s t  
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bed w i l l  move t o  o t h e r  computers, because w e  know t h a t  computa t iona l ly  i n t e n s i v e  
problems w i l l  have t o  be on computers l a r g e r  than  a VAX 11/785. 
QUESTION, J O E  PADOVAN: H a s  it been a r r a n g e d  f r i e n d l y  enough so t h a t  t h e  process of 
f a l l i n g  o f f  t h e  VAX t o ,  s a y ,  an  IBFl o r  a h i g h e r  machine would n o t  be a major problem? 
ANSWER, CJ. J. STROUD: We're going  t o  go t o  U N I X .  R ight  now we're u s i n g  a VMS VAX, 
and w e  w i l l  have t o  go t o  some type  of a UNIX-based o p e r a t i n g  system € o r  p o r t a b i l i t y .  
T h a t ' s  a t rade-of f  r i g h t  t h e r e .  We'll probably be i n v e s t i g a t i n g  what we should  be 
doing t o  make it t r a n s p o r t a b l e .  The f l e x  computer t h a t  w e  w i l l  be buying i s  a Unix 
machine. 
QUESTION, HARRY FRISCH: Could I a s k  a multi-body q u e s t i o n ?  K. C. and J i m ,  you've 
b o t h  brought  o u t  t h e  multi-body problem a s s o c i a t e d  wi th  deployment dynamics. I n  de-  
ployment dynamics w e  have many many b o d i e s  t i e d  t o g e t h e r  a l l  do ing  a s p e c i f i c  t h i n g .  
The q u e s t i o n  I ' m  a s k i n g ,  a€ te r  h e a r i n g  Dave Benson's p r e s e n t a t i o n ,  i s  i f  you t h i n k  
deployment dynamics should  be c a r r i e d  o u t  i n  a multi-body environment o r  are you 
bet ter  o f f  t o  u s e  Dave Benson's work? Where d o  you t h i n k  t h e r e ' s  a t r a d e - o f € ?  
QUESTION, J I M  TURNER: I d i d n ' t  h e a r  Dave's p r e s e n t a t i o n .  Dave, w a s  your r e s e a r c h  
based on PDE (pa r t i a l  d i f f e r e n t i a l  e q u a t i o n )  d e s c r i p t i o n s  or n o n l i n e a r  c o n s t i t u e n t  
laws? 
ANSWER, DAVE BENSON, LAWRENCE LIVERMORE NATIONAL LABORATORY: The presentation I made 
y e s t e r d a y  was about  p u t t i n g  r igid-body dynamics (among o t h e r  t h i n g s )  i n t o  DYNA 3-D, 
which i s  an  e x p l i c i t  f i n i t e - e l e m e n t  code. We have p l a n s  t o  d o  e s s e n t i a l l y  t h e  same 
t h i n g  t o  NICE. One of t h e  t h i n g s  t h a t  Harry w a s  i n t e r e s t e d  i n  is t h e  p o s s i b i l i t y  of 
t a k i n g  n o n l i n e a r  f i n i t e - e l e m e n t  codes,  u s i n g  them t o  d e f i n e  t h e s e  l a r g e  an tennas  t h a t  
are going t o  be deployed,  and r e l a x i n g  t h e  degrees  of freedom between beam e lements  
so t h a t  t h e y ' r e  n o t  a c t u a l l y  a s t r u c t u r e  anymore ( t h a t  is, t y i n g  only  t h e  t r a n s l a -  
t i o n a l  d e g r e e s  of freedom and r e l a x i n g  t h e  r o t a t i o n a l  d e g r e e s  of freedom). Then w e  
c o u l d  p o t e n t i a l l y  do t h e s e  deployment problems w i t h  a mixture  of t h a t  k i n d  of tech-  
nique combined with r i g i d  bodies .  
COMNENT, JIM TURNER: My comment would be, n o t  having  seen  e v e r y t h i n g  t h a t  Dave's 
done, t h a t  it sounds as i f  you can accomplish t h e  same t h i n g  through two d i f f e r e n t  
approaches.  I ' d  have t o  see t h e  f o r m u l a t i o n s  t o  r e a l l y  speak wi th  any conEidence. I 
d o n ' t  see why t h e  multi-body approach would be t e r r i b l y  p e n a l i z e d .  He would be 
modeling wi th  one e lement  o r  s e v e r a l  e lements  per rod where w e  would j u s t  have a 
r i g i d  l i n k  w i t h  an  i n e r t i a ,  a mass, and some geometry a s s o c i a t e d  w i t h  it. I d o n ' t  
see why n e c e s s a r i l y  one would have a d i s t i n c t  advantage over  t h e  o t h e r .  
COM!4ENT, HARRY FRISCH: I t ' s  a good area t o  p u t  some money i n t o .  I t h i n k  one of t h e  
t h i n g s  w e  d o  need i s  an e f f i c i e n t  method of s t u d y i n g  deployment dynamics. I d o n ' t  
t h i n k  w e  have i t  today. I see Dave's code a s  a p o t e n t i a l  € o r  a q u i c k  s o l u t i o n .  I ' m  
j u s t  ,wondering whether t h e  multi-body dynamics approach is going t o  c a r r y  a long  t o o  
many terms and be j u s t  c o m p u t a t i o n a l l y  i n e f f i c i e n t .  
- 
COMMENT, JIM TURNER: One of t h e  t h i n g s  t h a t  w e  would advoca te ,  and I t h i n k  i t  
a d d r e s s e s  one of t h e  q u e s t i o n s  t h a t  J e r r y  brought  up i n  t h e  beginning ,  i s  t o  have 
t r u t h  models no matter whether i t ' s  deployment OK j u s t  s imply a multi-body code 
wi thout  deployment as a p a r t  of t h e  process .  I t h i n k  t h a t  i n  r e a l i t y  € o r  p r a c t i c a l  
e n g i n e e r i n g  you need t o  be able t o  have t h e  a b i l i t y  t o  go i n  and dynamical ly  l i n -  
e a r i z e  o r  a l t e r  t h e  s t r u c t u r e  of t h e  e q u a t i o n s  so t h a t  you can b r i n g  down the  l e v e l s  
oE complexity.  But you s t i l l  have t o  r e t a i n  a t r u t h  model. The i d e a  of embracing a 
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r igid-body model as b e i n g  t h e  t r u t h  i s  wrong. You s t i l l  have t o  be wor r i ed  t h a t  you 
may have a s t r u c t u r e  control  i n t e r a c t i o n  t h a t  d r i v e s  you u n s t a b l e ,  and i f  you have a 
r igid-body model y o u ' r e  n o t  l i k e l y  t o  p r e d i c t  t h a t .  1 t h i n k  you 've g o t  t o  be able t o  
s i m p l i f y  t h e  models, and t h a t  shou ld  be pa r t  of  t h e  computer code package. You s t i l l  
have t o  r e t a i n  t h e  t r u t h .  
COMMENT, K. C. PARK: L e t  m e  c o n f e s s  one t h i n g  beEore I comment on t h a t  aspect. T h i s  
i s  t h e  second t i m e  I ' v e  had a r e a l l y  tough time g i v i n g  my p r e s e n t a t i o n ,  t h i s  i s  
mainly because I d i d  n o t  have any r e s u l t s ,  and t h o s e  OE you who have had any e x p e r i -  
ence p r e s e n t i n g  a t a l k  when you d o  n o t  have any resul ts ,  know i t ' s  terr ible .  Now 
g e t t i n g  on t o  t h e  i s s u e  of deployment dynamic problems, I b e l i e v e  t h a t  t h e  s u c c e s s f u l  
s o f t w a r e  would embody b o t h  capabi l i t i es  w i t h i n  t h e  same topology;  t h a t  i s  a f i n i t e  
e lement .  You can do  f i n i t e - e l e n e n t  a n a l y s i s ,  s t r u c t u r a l  dynamics a n a l y s i s  and s t a b i -  
l i t y  a n a l y s i s .  I f  you want you shou ld  be a b l e  t o  do n o t h i n g  more t h a n  r ig id -body  
dynamics s i m u l a t i o n .  I f  you want t o  mix it, you shou ld  be able t o  mix it. Tha t  i s  a 
rea l  c h a l l e n g e .  I f  you t a k e  b r u t e  Eorce f i n i t e - e l e m e n t  Eormulat ions,  you can s o l v e  
t h o s e  problems,  and I and my c o l l e a g u e  e s t i m a t e d  how much computer r e s o u r c e s  i t  would 
t a k e  i f  w e  went a l l  t h e  way wi th  b ru te  Eorce f i n i t e - e l e m e n t  Eormulations.  For t h a t  
100 meter r e f l e c t o r  an tenna  it would t a k e  a Cray XMP 2 1 / 2  weeks t o  d o  a d e c e n t  
deployment s i m u l a t i o n .  I f  you use  DISCOS r i g h t  now, I b e l i e v e  i t ' s  beyond t h e  DISCOS 
capabi li t y  . 
COMMENT, HARRY FRISCH: I t o t a l l y  a g r e e  w i t h  t h a t  s t a t e m e n t .  DISCOS w a s  never  i n -  
tended f o r  t h a t  t y p e  of problem. DISCOS w a s  i n t e n d e d  € o r  a few coupled f l e x i b l e  
bod ies .  Once you g e t  much beyond 10  o r  1 5  b o d i e s  y o u ' r e  j u s t  g e t t i n g  o u t  of  t h e  
realm of  p r a c t i c a b i l i t y .  
COMMENT, J. M. HOUSNER: We've had some good d i s c u s s i o n  on t h e s e  c r i t i c a l  s u b j e c t  
areas; I know w e  c o u l d  p robab ly  d i s c u s s  more,. I want t o  thank t h e  s p e a k e r s ,  p a n e l -  
i s ts ,  and t h e  aud ience  t h a t  h a s  been s o  a t t e n t i v e ,  e n t h u s i a s t i c ,  and p a r t i c i p a t e d  s o  
w e l l .  I ' d  a l s o  l i k e  t o  thank t h e  CSbl group who worked so  ha rd  t o  p u t  t h i s  meet ing 
t o g e t h e r ,  e s p e c i a l l y  Je f f  Stroud.  
CLOSING COMNENTS, W. J. STROUD: I ' l l  repeat what J e r r y  Housner s a i d ;  thank you very 
much. I f  t h e r e  are some q u e s t i o n s ,  i s s u e s ,  o r  s u g g e s t i o n s  t h a t  you f e e l  need t o  be 
b r o u g h t  o u t  i n  t h e  n e x t  couple o f  weeks, please b r i n g  them t o  O U T  a t t e n t i o n .  We are 
g o i n g  t o  be p u t t i n g  toge ther  the final proceedings. Y o u  already have the pre l iminary  
p roceed ings .  Thank you very very much €OK corning. 
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